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ON THE STABILITY OF THE CANS OF CYLINDRICAL FUEL
ELEMENTS WITH AN INITIAL ELLIPTICITY

Yu. I. Likhachev and V. V. Popov | . UDC 621.039.54

The fuel-element cans of gas-cooled and water-cooled reactors are subjected to a fairly high external
pressure due to the coolant (sometimes exceeding 100 atm). The cans are thus in danger of losing stability,
possibly leading to the collapse of the compensation volume or to the formation of a longitudinal corruga-
tion in the parts of the can resting on the heat-emitting core.

The stability of the cans of cylindrical fuel elements was studied earlier {1-4];” however, no allowance
was made for either the initial ellipticity of the can or the creep of the material of which it was composed.

The creep of cylindrical cans with an initial ellipticity was considered (with various simplifying as-
sumptions) in [5-7], but without allowing for the influence of the thermal flux, the swelling of the steel, and

the changes taking place in the temperature and pressure during deformation, whlch are important factors
in the cans of fuel elements.

Let us consider the creep of a cylindrical fuel-element can having an initial ellipticity wy = w, cos 24
subjected to a time-varying excess external pressure q(t) and a thermal (temperature) field T (t, z), where
wg(6) is the radial deviation of the middle of the surface of the can from the ideal circular form and z is

" the distance from the middle of the surface, )

The process of can deformation develops as time progresses in a series of short stages [8]. Let us
suppose that at the n-th stage of deformation Apt = ty — tp— the stresses, strains, and displacements have
received increments Ana AgE, Anw, Ay, The increments in the stresses should satisfy the following
equ111br1um equations

TRAg = —4 S Aty dz d8: ) ‘ o (1)
0 —8/2 ’
6/2 .
RAng = — S AuGodz; (2)
-=4/2 '
. 8/2 . ’ ~
AnM = — S AnGoz dz, ' (3)

—68/2

where ApnM = AnMc + Rwp-1Anq + Rgpdpw is the increment in the bending moment; Ang = qp — 94~y is the
1ncrement in the constant component of the bendmg moment dp-iand qp are the pressures at the beginning
and end of the deformation stage.

In accordance with the " rigid-normal"” hypothesis (Lev1—K1rchhoff) and the assumptlon of plane de- .
formation, we have [9] the following for the strain’ 1ncrements

Aeg = n56 -+ ZAn%,_
Aneyx = A,e} = const,

(4

where ADS%, Ap% are the increments in the circumferential deformation and the curvature of the middle of
the surface:

1 d(A -
Angh = [—-(J(;‘L)—Antgj ;

e (5)
Apx = T@”' (Anw) + T (Anw).

Translated from Atomnaya Energiya, Vol 32, No. 1, pp 3-9, January, 1972, Original article sub-
mitted December 8, 1970,

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced- for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Let us write down the physical relationships between the stresses and strains in the form [8]:

) 1
Ao = = An0p '——z" Anox+ K} ApS - aA,T -!—(Efa(n)) Ant;

L
E
Bt =g Al — 2 Argg 5 AuS -+ aAnT + (Euy) At )
The elastic modulus E, the Poisson coefficient 4, and the thermal expansion coefficient « are taken as con-
" stants (defined for a certain mean temperature); this may be justified from the following considerations,
During the operation of the reactor at normal load the can temperature usually varies little, so that the
average values of the characteristics in question may be used for practical calculations, In considering
transient processes (when the reactor is just coming up to power) the deformation of the fuel-element can
is calculated in short time stages, starting from a temperature T, (characteristic of the particular can ma-
terial) at which creep deformation becomes appreciable (for example, in 1IKh18N9T steel, from T, ® 500°C).
In the temperature range Tp — Ty it is permissible to average the quantities E, y, and & (for 1IKh18N9T

steel the working temperature Ty, = 650°C). The quantity AyS determines the swelling of the can mate-
rial during the n-th stage of loading:

.AnS = Sn (2) — Sn-y (2).

The swelling of the steel is determined [10-12] by the integrated neutron flux ® (eutron energy E > 0.1 MeV)
and the temperature level:

S = A;D"L (T),
the temperature dependence may be written

I
L(T)=e BT —Bge RT,

The creep deformations are determined by the expressions

£ = (200 — 0x) Dc;

—_— - (M
EC\ == ’2_ (20;: - Ge) q)c.

For the theory of strengthening [13]

. Qs "
N — o —H(e? Y
(DC (Gh T? E(l) == A.’{e Te (EL)G;."M]) jq (8)
where

h: H (7) for the stage of transient creep,

_ () { H( )for the stage of steady creep;

&= A 713:%(7’-’"”’ is the deformation at the beginning of the stage of steady creep; Az and A4 are experimen-
tal coefficients; Qg and Q, are the activation energies of the creep process; mg(T), m,(T), H(T') are certain

5 e o
functions of temperature, g5 == \ —'dt. is the accumulated creep deformation; def = (V2/ 3) ]/(dso——dax)

+V(deS —def)? + (def — de§)? is the intensity of the differentials of creep deformation; o1 = V 0%+ 05— 0.0 is the
intensity of the stresses. From the condition of the elastic change in volume
del = — de§ — des. _ (€)]
The increment in temperature in the range t, tot,_; may be found from the expression
ArT (2) =T (In, 2) =T (tn-y, 2); : - (10

) is a certain mean valuz of the function £¢ n in the temperature range in question, refined by the meth-
od of successive approximations. In the first approxunatlon, the function ¢S, is determined from the
stressesinthe prev1ous (n — 1)-th stage of loading (é ) §(n 1) Then the stress’increments an.dthe value of

the function [5 ) ] at the end of the stage of deformatlon are determined.

In the second and subsequent approx1mat10ns we take

(‘é‘fn)) = ? (Et—1) + &), - v (11
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the calculation being continued until the values of the function { 1; @)/ ) obtained in the previous and following
stages are sufficiently close.

The symmetry conditions should also be satisfied:

dAjw N dA,w A
48 lo=0 0; d'(; ooz =0; .
Tz (12)
Anv [0 0= O A Ul ES =0
~7
and also the initial conditions for the stresses:
0;(0,2)=0;0,2) (j==0), (12a)

> where 0]0 (0, z) are the stresses in the can at the onset of the deformatlon process. Solving the system of
| Egs. (1)-(12):

Ano'_\- iz F [HAFL%’G - P-Anuz T An&\ —_ (1 fJ- oL \nT (1 - ) irﬁ — HAnSe A,Lsf;J N

) . (13)
AI!OU —l—f_p, [Axlse HA,,E?\» +AnXZ - (1 "i” }L) aAnT"' (1 _]n H) A8 '—HAH{’/L\ T /;\1188 ] ’ :
where AneC, Ansf( are the increments in the creep deformations:
Arf'(() = <§8(71)) Anl, A,,Eg’- = (Eﬁ'(u)) An['; (133.)
2 T 1—2u R o
9 ” — IJ’_ b . .
At | [ Avetabas 1 A g+ % ( AT dst s | AuSds;
(. ) b2 -0/ (14
, o 6/2 w2 i 672 o
o 1. b c _..L 2—p R A 1% : NP
Bneb=g | Buchdzid | Ajezaz— 2 | { Mgz dddi—=pt e ag+ G [ Al digs | ASas
—6/2 —6/2 [i} 6 ~0/2 —08/2
C 872 872 . 6/2 ) 4 " 5/2 . "
Buw=gr § Muhzdst I [ Aesadar 2R [ Az B oA ssaz - 2l (15)
—b/2 b2 . —5/2 b2 e
6/2 e .
qu RA? | 4 (1--u) K2 \ . 12 1 ) R p . -
A= 208 [y S LI T g g, gy U0 R ( ATzdz s (16)
b "I
| A = 2 b cos 2j0 — = COR (17
a2 A
- 4/12”‘ S ) cos 2j0 do;
b
! 4 n/2 4 a/2
Co= | Anel; by=o S F (0) do;
¢ o > (17a)

A= (1432); FO) =125

€
e b8/2 82
2 o
~brr 82 J

Relations (13)-(17) enable us to calculate the increments in the stresses at each n-th step in time if
we know the stresses at the end of the (n — 1)-th step, the functions § being refined by the method of suc-
cessive approximations, In considering the process in which the reactor is coming up to power, the,

| . | g Anehzdzp | Aetads).
stresses in the canare determined from the following relat1onsh1ps for the initial stage of deformation ¢t = t;):

op, (0, 3) = g () — "’M (R
"i‘_ﬁr 779
Hq (i) 12M (18)
O (‘ ) == —qa“ v —u _(‘)To Z -
5 o k{7 n) . '
P 17, —T (¢, 2)1.
g
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Fig, 1. Stress distribution over the thickness of the can for various
periods of operation of the fuel element: 1)t =0; 2) t =60 h; 3) t = 120
h; 4)t=180h; 5)t=240h; 6)t=300h.
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Fig. 2. Stress distribution over the cir-
cumference for various periods of opera-
tion of the fuel element: 1)t =0; 2)t=60
h; 3)t=120h; 4)t =180 h; 5)t= 240 h;
6) t = 300 h,

—

I Sy

where My(9) = q(ty) R W3 + wy) is the bending moment in the
cross sections of the can with an initial ellipticity w,(9).
which, as a result of the application of the pressure q(t),
acquires the additional curvatures [14]:

W

w, (O)ZEW‘)’ﬁcos 20, (19)
where qg =[E (Tp)/4(1 — #%](@/R)? is the critical pressure
for an ideally circular tube; t; is the time within which the
average temperature of the can becomes equal to the charac-
teristic temperature corresponding to the appearance of
creep T,,. A dangerous state of the can may occur for the
following reasons.

1. For ductile material, the creep-engendered in-
crease in the sag and the bending moments has the effect
that the intensity of the stresses in most stressed cross sec-
tion of the can reaches the yield stress:

a; (tv 0) 4= 6/2) == Op (T7 Y])v (20)

which may be regarded as the onset of the loss of stability
(owing to the small thickness of the can), Here we allow for
the change in the yield stress of the can material arising
from changes in température and the effects of irradiation,
the quantity 71 (t) determining the radiation damage accumu-
lated during the operation of the can (for example, this quan-
tity may be given by the dose of radiation ¢ or by the num-
ber of displaced atoms in the can material {15]).

2. For an ideally elastic material, at a certain critical time t the sagging of the can increases

sharply and a loss of stability sets in,

3. The can material accumulates damage arising {rom the prolongevd action of stresses at high tem-
peratures, which may cause the appearance of cracks and break the air-tightness of the fuel element before
the can loses stability. In this case the working efficiency is determined by the criteria of long~term

strength or long-term ductility.
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Fig. 3. Time changes in the intensity of the stresses (curves 1-4), the
maximum sags (curves 5-8), and the total damage to the can material
(curves 9-12) in the most-stressed parts of the can for different values
of the original ellipticity: 1,5,9) wy/8 = 0.01; 2,6,10) wy/0 = 0.007; 3,
7,11) wy /8 = 0.005; 4,8,12) w,/8 = 0.002,

4. If, as a result of the increase in ellipticity, the can closes the gap and rests on the fuel core, there
may be an irreversible increase in the length of the can in the course of heat exchange (thermomechanical
rachet) [16]. The time tyx required for the onset of this mechanism may be determined from the condition

R—r(t) =5 w0, 1),

where r(t) is the change in the radius of the core due to swelling.

We used the foregoing theory in conjunction with an electronic computer (the M-20) in order to cal-
culate the stability of austenitic steel fuel-element cans for a gas-cooled fast reactor.

Figures 1 and 2 show the thickness and circumferential stress distributions in a can with dimensions

~of 6/R = 0.14 and an initial ellipticity of wy/6=0.01for various periods of operation of the fuel elements, the can

being subjected to a pressure of q = 130 atm at 670°C (the temperature drop along the wall is taken as zero),
The changes in the maximum sags, the damage to the can material, and the stress intensities at the most
stressed points are shown in Fig. 3 as functions of time for the same temperature and pressure and for
various values of the initial ellipticity (w0/5 =0.01— 0.002). The dangerous state of the can for all w0/<5
was determined by the appearance of plastic deformations (©; = 0r); on reducing WO/G (from 0.01 to 0.002)
the time to the onset of the loss of stability t increased (from 323 to 535 h).

For all values of the initial ellipticity considered, the maximum sag at the instant of reaching the
dangerous state equals w0/<5 & 0.36, while the damage factor ¢ = 1.4 -10"2, Curve 1a in Fig. 3 shows the
time variation in the stress intensity for the case in which the temperature drop along the wall equals
A =30°C. The initial fall in the curve is due to the relaxation of the thermal stresses arising from the
drop &, The time of operation of the can before reaching the dangerous state was greater in the presence
of a temperature drop than in the A = 0 case. Figure 4 shows the effect of a reduction in the excess exter-
nal pressure, resulting from the accumulation of gaseous fission products under the can, on the loss of
can stability (wy/6 = 0,01, T = 670°C). The time to the onset of can stability loss increases from 323 h (for
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Fig. 4. Effect of changes in temperature ‘(curves 2, 3) and pressure (cruves 4, 5) on
the loss of can stability: 1) q = const, T = const; 2) temperature increases by 0.3°C
in 1 h; 3) temperature increases by 0.2°C in 1 h; 4) pressure falls from 130 to 0 atm
in 10% h; 5) pressure falls from 130 to 0 atm in 10 h; 6, 7) system passes to nominal
power in 0.2 and 5 h respectively.

a constant pressure of q = 130 atm) to 356 h if the pressure falls linearly from 130 to 0 atm in 10*h., The
can does not lose stability at all if the pressure falls from 130 atm to zero in 10° h. The same figure illus-
trates the effect of a change in the temperature of the can (w0/5 = 0,01, q = 130 atm) while the reactor is
working at nominal power on the loss of stability. If the temperature rises linearly by 20°C in 100 h, the
time to the onset of stability loss falls from 323 to 132 h; for a temperature rise of 30°C in 100 h the time
falls to 107 h.

The change in the stress intensity for two transient modes (reactor passing to nominal power in 0.2
and 5 h with a constant external pressure of q = 130 atm and w0/<5 = 0,01) is illustrated in Fig, 4, In the

case of the rapid transient mode, creep is unable to develop, the sagging is slight, and the can fails to reach

the dangerous state. For the slow passage to nominal power creep does occur, leading to substantial sag-
ging, and the dangerous state correspondingly arises (@j = o).

We may thus draw the following conclusions,

1. We have found a solution to the problem of the stability of a cylindrical fuel-element can in the
creep stage, allowing for the initial ellipticity and also accounting for changes in the pressure (due to gas-
eous fission products) and temperature during service,

2. The use of the theory of strengthening and the solution of the problem in terms of increments en-
able us to discuss the stability of the can in the transient modes of reactor operation.

3. In the solution we allow for the effect of the nonuniform swelling of the steel, such as may occur
for large integrated fluxes in fast reactors, on the loss of stability of the can,

4, The results of our calculations show that the time to the onset of can stability loss is considerably

affected by the initial ellipticity of the can, by any fall in excess external pressure, and by any change of

temperature.
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DIFFUSIONAL AND THERMODYNAMIC PROPERTIES OF THE Y-PHASE
OF THE SYSTEM URANIUM — NIOBIUM

G. B. Fedorov, E. A, Smirnoyv, UDC 539.219.3:669.822
and V. N. Gusev

Alloying of uranium with refractory metals having a bee lattice improves the mechanical and core-
rosion resistance properties of the uranium, and is one of the principal ways of copmg with radiation swel-
ling.

The effect of the alloying elements on resistance to swelling can be estimated with the aid of data on
self-diffusion of the components in alloys of uranium with refractory bcc metals, A decrease in the
self-diffusion coefficients of Y-uranium as molybdenum, zirconium, and niobium are added had been re-
ported earlier [1]. But later on it was demonstrated that alloying with zirconium actually increases the
self-diffusion coefficients of uranium, and only combined alloying of uranium with both zirconium and nio-
bium (in a ratio of 1:1at,%) resultsin an appreciable loss of mobility on the part of the uranium atoms.

Bulk diffusion coefficients of uranium and niobium in uranium alloys with niobium contents of 5, 10,
20, 35, 50, 65, 80, and 90at.% were determlned in this work. These investigations were carried out over
the temperature range from 930° to 1900°C, using the ra-

(001900 160000 1200 1000 °C dioactive isotopes U®% and Nb*® and the method of stripping

‘a | 1 =~ 1] . . . s a2

-9 <371 off layers and measuring the integrated radioactivity of the
\\ \\T\\ ' remainder of the specimens. The alloys were prepared

-1 AN \ I i ’ by arc remelting from electron-beam niobium and electro-

11 \\ N \\\\\ lytic uranium,

. \\\\\ N , The specimens, as remelted, were subjected to phase
7 N\ \ \ N { recrystallization followed by a homogenization anneal, with
-13 AN U N\ N the purpose of eliminating the cast structure,

N NN
_ The procedure followed in measuring the bulk diffusion
. coefficients of uranium and niobium has been described in
-1 o . e S b an earlier article [2]. The temperature dependences of the
\\ \ “ 52 IS diffusion coefficients of uranium and niobium are cited in
-7 \ \ % . . s
AN \‘\\ Fig. 1, and the values of the diffusion parameters of the
-12 \\ \k‘\ components appear in Table 1. Alloying of uranium with
\\ ‘ h \ N | ~ niobium brings about a considerable fall-off in the self-
-13 N \\ \\\ diffusion coefficients of the components., For example,
N g s when uranium is alloyed with niobium in amounts from 5 to
40 50 60 317 80 700/: 20 at. %, a decline in the self-diffusion coefficients of uranium

is observedinthe range of investigated temperatures, tothe
extent of 15 times and 50 times respectively, and this is found
tobein excellent agreement with the earlier reportedfindings
[1]. Alloying of the uraniumhas practically no effect on the en-
ergy of activation of self-diffusion when theniobiumcontent is
ashigh as 20 at,%. But any further increaseinthealloying ele-
ment (to 35 at. % Nb, say, or higher) brings about a significant
riseinthe energy of activation of diffusion on the uranium and
the niobium.

Fig. 1, Temperature dependences of the
diffusion coefficients of Nb*® (a) and U%*
(o) in uranium—nicbium alloys: 1) pure
uranium; 2) 5 at.%Nb; 3) 10 af..%Nb; 4)
20 at. % Nb; 5) 35at.% Nb; 6)50at.% Nb; 7)
65at.% Nb; 8) 80at.% Nb; 9) 90 at, %Nb 10)
pure niobium,

Translated from Atomnaya _‘]:Jnergiya, Vol. 32, No, 1, pp. 11-14, January, 1972, Original article
submitted November 23, '1970; final revision submitted April 12, 1971, .
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TABLE 1, Diffusion Parameters of Components in Y-Phase of System Uranium— Niobium

Diffusion . Niobium content, at, %
parameters o | s | 10 |20 s | so | 65 | 80 | s | 100
Q, keal/g | 36,0 34 35,2 | 39,6 53,2 | 57,2 65.6 | 67,0 | 73,0 76,7
" atom (5 [6]
U235 |—
Dy, cm¥sec | 1,4.10-4 | 3,2.1076 | 3,5:40-6 | 105 |1,25:10~4| 2,5:10-¢ | 4,0-10-3 | 6,3.10-4 | 2,5.10-3 | 6,5.10-
[5] [6)
Q, kealfg | 28,5 - - ~ | 688 | 72,7 | 775 | 91,5 | 1006 100,6
atom 12] {71
Nbes
D, ,cm?/sec| 1,2.10-5 | — — — |3-10-2 | 3,1-10-2 | 7,6-10-2 1,1 5,2 0,91
{2 . (7]
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Fig. 2. Isolines of coefficients and of energies of activation of diffusion of compo-
nents in the system U— Nb—Zr at 1100°C.

A familiar procedure [4] was enlisted to provide a comparison in studying the effect of niobium alloy-
ing on self-diffusion of uranium in the a-phase at temperatures in the range 550-630°C. Introduction of as
little as 2 at % niobium lowers the bulk self-diffusion coefficient of a-uranium by about three times.

It must be borne in mind that self-diffusion in pure uranium takes place in the supersaturated vacan-
cies of the matrix {5, 8, 9]. This makes it perfectly clear that the self-diffusion parameters of uranium
and the diffusion parameters of the vacancies are closely similar, The decline in the self-diffusion coeffi-
cients of the components as uranium is alloyed with niobium unquestionably improves resistance to swelling,
inasmuch as the basic transport process at work in the volume-diffusion mechanism of the motion of voids
is the movement of vacancies from one position on the surface of the void to another through the surrounding

host matrix [10].

On the basis of the results obtained and findings published earlier [2-4, 11], isolines of the diffusion
coefficients and energies of activation were constructed at 1100°C in the case of the system uranium—nio-
bium~—zirconium (Fig. 2). The concentration dependences of the diffusion characteristics in the uranium
—niobium part of the ternary diagram show satisfactory agreement with diagrams of the solidus tempera-
ture [12] and with hardness and creep diagrams [13] of alloys belonging to the system uranium-—niobium
—zirconium in the Y-state, which provides experimental proof of the existence of some correlation between
the diffusion characteristics of the components and refractory behavior.

This lends added interest to investigations of interdiffusion in the system uranium—niobium, since
the interdiffusion parameters characterize to an even greater extent the refractory properties of the alloys
[4]. The interdiffusion coefficients were calculated on the basis of Darken's formula (14]:

e (T dlgfy
=Dzt Dizy) (14 5155-) o (1)
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ficients and of energies of activation of inter-
diffusion in the system U— Nb at 1000°C: 1)
D [15]); 2) D [present article]; 3) Q [15]; 4)
Q [present article]. [

where D’i" is the diffusion coefficient of the i-th component,
measured with the aid of radioactive isotopes; x; is the
concentration of the i~th component; f; is the coefficient

of thermodynamic activity coefficient.

The thermodynamic properties of the system were
studied by the method of measuring the electromotive
forces (emf) of the concentration cells [3] over the tem-
perature range from 750° to 900° C using, as one of the
electrodes, uranium alloys with contents of 5, 11,7, 20,
32, 47, 72, and 87at.%Nb. Temperature dependences of
the emf of a concentration cell of the type

U(solid) U*#-- (KC1-- NaCl) | U— Nb (alloy).
were obtained, The potential-building process in the cell

is uranium transport, The thermodynamic activities of
uranium were found from the formula

ZyEF - E
lgaU:_E%ﬁT_:_b’uoT’ (2)

where Zyj is the valence of the uranium; F is the Faraday
number; E is the cell emf, »

As earlier [3], the valence of uranium was assigned
the value three. The activity of the niobium was calcula-

-ted by graphical integration of the Gibbs— Duhem equation:

X

1
lg anNp = — S ‘;gzwaf d.TU—‘;—NUTD]g aU.' (3)

0
Results of the calculations are plotted in Fig. 3.

' Recalling that fy; = aU/xU, we calculated the values
of the thermodynamic multiplicative factor in Eq. (1)
from the concentration dependence of the emf:

. dlgiy 1500 OE
m_'1_"h(‘)]g1U TTTT Talgay (4)

The concentration dependence of the thermodynamic
multiplicative factor is also plotted in Fig, 3, for 1000°C,

The negative deviations of the thermodynamic ac-
tivity of the components from ideal behavior is evidence,
as an examination of the thermodynamic- properties of
the system uranium-niobium clearly argues, for strength-
ening of the interatomic bond in the Y-solid solution,

On the basis of Darken's equation (1), the interdif-
fusion coefficients D were determined for 1000°C (Fig.
4), The concentration dependence of the energy of ac-
tivation of interdiffusion Q was calculated under the as-
sumption that the temperature dependence of D is of the
form

D —Dyexp { — %) ®)

The interdiffusion coefficients!in the system uranium—niobium were determined by other authors [15]
using the Matano method. Concentration dependences of the energies of activation Q and of the interdiffu-
sion coefficients D converted to 1000° C values are plotted in Fig. 4. The predicted and experimentally
determined interdiffusion coefficients in the range of niobium concentrations 50-100 at.% Nbareclearly

10
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satisfactory agreement in Fig. 4. A slight discrepancy in the interdiffusion coefficients in the uranium=-rich
region might be due to anomalies in the uranium diffusion characteristics stemmmg, in our opinion, from
supersaturation of the matrix with vacancies [5, 8, 9].

The resulting concentration dependences of the energy of activation of interdiffusion are in satisfac-
tory agreement with published data [15], except for the 80-100 at.% Nb region, where the published values of
the energies of activation are seen to be much higher,

Consequently, the rise in the energy of activation and the lowering of the interdiffusion coefficients
accompanying alloying of uranium with niobium provide evidence on increased refractory strength which,
as stated earlier, must have the effect of also enhancing the resistance of the alloys to gas swelling,
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DEPOSITION OF CORROSION PRODUCTS ON THE SURFACE OF
ZIRCONIUM ALLOYS

V. V. Gerasimov, A..I. Gromova, : UDC 620.197.1
I. K. Morozova, V. N. Belous, ’

A. S. Ilyukhin, G. A, Shchapov,

L. G. Varnacheva, and G. P, Saenko

The purpose of this work was to obtain.experimental results and to generalize the literature data on
the amount of deposits on the surface of zirconium alloys as a function of the composition of the medium,
time of exposure, and temperature of irradiation,

For the investigation we used plate samples of zirconium alloys [1) with 1% niobium; 2) with 2.5% nio-
bium; 3) system Zr—Sn—Fe; 4) system Zr—Ni— Fe; 5) system Zr— Nb— Cu] with dimensions 50 X 20 X 1
mm. For each time exposure we tested three to five parallel samples. The tests were conducted under
static and dynamic conditions. After the experiments iron was washed off the samples with a hot solution
of hydrochloric acid (1:1) and analyzed by a chemicoanalytical method. The details of the method of con-
ducting the tests were described earlier [1].

The experimental data in the literature on the deposition of corrosion products on the surface of con-
struction materials are extremely scanty, The available indications pertain to general considerations of

Y NHE
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Fig. 1. Rate of deposition of corrosion products K of steels on con-
struction materials under static conditions in water at 300°C (in 100h
of tests): 1) on a zirconium alloy with 2.5% niobium; 2) on a nickel al-
loy (N-1); 3) on a titanium alloy (VT-1-2),

Fig, 2. Rate of deposition of corrosion products of steels on construc-
tion materials in water at 300°C: 1) on zirconium alloy; 2) on titanium
alloy; 3) anodic polarization on alloy of zirconium with 2.5% niobium,

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 15-19, January, 1972, Original article
submitted December 14, 1970; revision submitted February 14, 1971,
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the possible pathways of accumulation of corrosion products in the system and their subsequent deposition
on the surface of the materials, In [2, 3], in particular, a predominant deposition of corrosion products
on stainless steel in comparison with zirconium alloys is mentioned. The authors of [4] note that the cor-
rosion products of the circuit are more firmly retained on stainless steel than on zirconium alloys, attrib-
uting this phenomenon to different models of growth of the oxide film — inward and outward,

It was shown in [1] that the absolute value of the deposition of corrosion products on a zirconium al-
loy (under static conditions in water at 300°C in the absence of a heat flow) is lower than on alloys of tita-
nium and nickel., It was reported in the same work that the value of the deposits on the surface of the ma-
terials was 0.01-0.1 g/m?.day, depending on the concentration of the corrosion products in the system. The
rate of deposition of corrosion products of iron on a zirconium alloy with 2.5% niobium has a concentration
dependence similar to that of the corrosion products in water (pH = 7) under static conditions (Fig. 1). In
water with an iron concentration of 0.1-0.3 mg/kg, the rate of deposition on a zirconium alloy does not ex-

ceed 5.1073-7.107% g/em? - day (see Fig. 1). In-

TABLE 1. Rate of Deposition of Corrosion creasing the iron concentration in the water from
Products of Steels on Alloys of Zirconium, 0.3 to 0.7 mg/liter leads to a substantial increase in
Titanium, and Nickel the rate of deposition on all three materials.
Rate of deposition The change in the composition of water may be
lron con-| - 10 g/m’ - day the cause of the change in the rate of deposition. It
Medium t;,nlfnl::m ;‘}}&Zn?f n o jonti-, is known [5, 6] that the oxygeén concentration in wa-
mg /liter |47 ¥ ‘rﬁ‘_ nickel tanium ter and the pH value may influence not only the con-
obium__ | atloy | alloy centration of the corrosion products in the system,
. Distilled water pH 0,12 6 8,4 | 6,0 o but also their dispersed composition [1], and, con-
;g./flii.t[gz]s0,0Qs (?2; ggyg “%43 1(4)§g v sequently, the amount of deposits of .the corrosion
: ) , — » products on the surface of the materials. When the
= ' pH value is increased from 6.6 to 10 (at comparatively
Distilled water, . 0,5 7.8 |16 14 : close values of the concentration of corrosion prod-
pH =10 (NHOH), 4 ucts under static conditions), the rate of deposition
[n?é]/listgr'ozs on the zirconium alloy with 2.5% niobium decreases,
_ while it increases with increasing pH up to 3 (Table
Di:sglt;‘i\!‘é’:ﬁbzpf v g:;i 2215 ﬁ’ 3 %g,s (11) Increasing the oxyg/(le{n concentration in the me-
0,025 mg /liter _ ium from 0.02 to 3 mg g practically c_loes not in-

. . ) fluence the rate of deposition of corrosion products
T , on the zirconium alloy at the same concentration of
D““H‘Zd water, 2‘_"; 0,12 6,32 | 9,74 6,57 corrosion products in water (see Table 1), The rate

;g'/lié?ﬂ ¥ ' » of deposition on the zirconium alloy depends substan-

tially on the time: with increasing time of exposure
the rate of deposition drops, both under static conditions

TABLE 2. Dependence of the Rate of Deposition of Corrosion Products on a Zirconium
. Alloy with 2.5% Niobium on the Time

Static conditions - Dynamic conditions
iy time of’ :;tieor?f ‘;g‘.’? " . [time of re.ltt'e of dl";)P_‘;"
medium . . medium . ‘| sttion
testing, h 2 testing, b ’
. &g m?. day & g/m% day
) or Steam—water mixture, pH ~8,5-9, )

Desalted deaisia{tegﬂwater, §88 2j1’~é8 [O;)= 0,02 mg /liter (in water), 5]288 }g
pH=10 (NHOH), : [Fe=0,02 mg/liter, +t = 285°C, rate | :
t=300°C of flow v ~4 m/sec_ '

Desalted deaerated water, . ‘1388 Z,?é Moist steamn, pH a:8.8-9.8, rate of éSOO 1,7

~ = 300° : 6 = ‘ 000 0,46
pH ~6,6, t 300°C 500 0.6 flow v = 20 m/sec 8700 013

* . .
The iron concentration in the water of the circuit increased to ~2 mg/kg during the testing.
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TABLE 3, Influence of Irradiation on the Rate of Deposition of Corrosion Products of Iron
on Zirconium Alloys ‘

Nedi Rate of Intensity of [Rate of
Alloy edium - movement Tim'e of  |neutron flux,[deposition .
No. ] . .. Tel. of coolant, testing, W \neurrons: . 1073 g/mz Color of film
t, °C P\ mg/kg | mg/kg |m/sec /sec - day
2 1220240 ~ 6.5 [0,4-0,5] ~0,1 up tol 3500 ~ 1013 : 0,33 Black
3 | 280 | ~6,5| ~05 [upto0,t — | a0 { ~ 0.139 i
3.1013 0,765 Dark gray
4| 280 | ~65| ~0,5 |upto0,i — 3450 { — 0.486 | Black
3.1013 1,25 Light gray
1 330 | 9—10 | 0,02 | 0,05 4 5500 { — 0,56 Black
. 108 | 052 | =
TABLE 4, Depositibn of Corrosion Prod- and under dynamic conditions (Table 2), The increase
ucts on Zircalloy Jackets of Fuel Cells in the in the rate of deposition of corrosion products on the zir-
Loop of the NRX Reactor, Cooled witha Steam . conium alloy in 9300 h of testing (in comparison with the
—Water Mixture [6] (t = 285°C) rate of deposition in 2600 h) is explained by.an increased
Concentra- s . ._|Rate of concentration of iron in the system during the testing pe-
tion of cor- | ermal{Temper-} Time. Deposi ideposi- riod (up to ~ 2 mgrkg) '
rosion ‘prod - ﬂ“’f‘ on Hature of |of tes-tion, tion - * b g).

e surface, |. . 078, L. i . . .
Juets in cool- . jjacket, jting, mg, | .. Irradiation in the reactor spectrum with intensity
ant, mg/kg| W/em” |°C days jem? [/ » 12_10i18 /em? o i
. i ay 10°4-10" neutrons/cm* - sec in the absence of a thermal

0,035 100 295 16 200 |125 flux pract.lcally does not 1nte'ns1fy'the rate of depos1.t1on

0,006 70 295 65 150 | 23 of corrosion products on a zirconium alloy possessing a

8881 2% 39’2 3 lr; 1% dense black oxide film (Table 3, alloy 1). Irradiation in-

0.003 62 |° 290 | 32 51 1,56 creases the rate of deposition of corrosion products on

0.003 58 | 400 32 4 1,25 -

. the zirconium alloy only in the case when the color of the

film formed on the alloy changes from black to a lighter

color, and, consequently, its density changes (see Table
3, alloys 3 and 4). As is evidenced by the literature data, the rate of deposition of corrosion products on
the jackets of fuel cells, made of zircalloy, is somewhat higher under conditions of irradiation (Table 4)
than the results obtained on samples in the absence of a thermal flux (see Table 3). Regardless of the du-
ration of the testing, despite the fact that the ¢oncentration of corrosion products in the coolant in experi-
ments with fuel cells was s1gn1flcantly lower (0.006-0.04 mg/kg, see Table 4), in comparison with the iron
concentration in the system (0.05-0.1 »mg/kg, ‘see Table 3), the rate of deposition on the fuel cells proved
higher than on samples without a thermal flux. As is evidenced by the results of Table 4, as well as [7],
the rate of deposition of corrosion products on the zirconium alloy depends on the values of the thermal flux
(the authors do not characterize the oxide film formed on the jackets). In [8] it was indicated that although
ionizing irradiation somewhat increases the rate of deposition, it is a function of the amount of dissolved
and colloidal iron in the system. Inthe opinion of the authors of this work, the influence of irradiation on
the rate of deposition of corrosion products of iron on zirconium alloys must be related to the oxide films
formed on the alloyitself, Thus, thin dense oxide films can adsorb substantially less iron oxides and other
corrosion products than thick loose and more porous oxide films. If this assumptioﬁ is correct, then the
amount of deposited iron should depend on the color of the oxide film and its thickness, i.e., ultimately on
the weight gain, Data on the dependence of the rate of deposition on the color of the film on alloy 1 under
conditions of irradiation with a thermal neutron flux w1th 1nten51ty 3.0 - 10" neutrons/em? - sec {t = 280°C,
time of testing 3450 h), are presented below: :

Rate of deposition 1073,

Color of film ' g/m? . day
Black 1.04
Dark gray : 2,16
Light gray 3.48
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TABLE 5. Dependence of the Rate of Depo- As is evidenced by the data cited, the rate of depo-

gition on the Weight Gain of Samples with sition depends on the color of the film (the lighter the film,
Oxide Films of the Same Color and, consequently, the looser it is, the higher the rate of
Rate of .o oht deposition of corrosion products). Under conditions of
Color of film Alloy fi‘:g?im;;z gain, mg irradiation on samples of a zirconium alloy possessing
No. |, dayg jem? black, dark gray, and gray films, the amounts of deposits
Black (obtained with ir-| 3 L g increase corretcspondmgly. Thus, the am@nt of depos.its
radiation) 1759 30 on the surface is a function of the properties of the oxide
2,78 20 films formed on zirconium alloys. Under conditions of
) irradiation without a thermal flux, when, as a rule, a
4 ;:82 ' §7 lighter oxide film is formed on the samples, there is two
i:;g ﬁ to six times as much deposition as without irradiation,
j;;ﬁ %I’ A change in the weight gain that is not accompanied
4,86 13 by a change in the color of the film does not lead to any
significant change in the value of the deposition (Table 5).
Dark gray (obtained with{ -3 7,85 165 It may be assumed that the deposition of corrosion products
| irradiation) é 31' 32 11(3) on the surface of construction materials is of an electro-
- - - chemical nature, The rate of deposition should depend
Light gray (obtained withi 27,8 610 on the potential of the zirconium alloy and the presence
irradiation) 12,5 550

of contact of the alloy with other materials.

However, experiments conducted in an electrochem-
ical autoclave on an alloy of zirconium with 2.5% niobium and on an alloy of titanium at the temperature
300°C did not confirm this hypothesis.

A sample of a zirconium or titanium alloy with area 50 cm?, to which a definite potential, maintained
potentiostatically for 100 h, was communicated, was placed in an electrochemical autoclave,

In the range of potentials from —4 to +4 V (normal hydrogen electrode), the rate of deposition of cor-
rosion products of steel varied in the range 0.005-0.02 g/m?.day (Fig. 2). The observable fluctuations, as
can be seen from Fig., 2, are not a function of the potential communicated to the electrode, but are explained
by a difference in the concentrations of the corrosion products in the medium (0.02-0.15 mg/kg).

Thus, on a titanium alloy in the potential interval from —4 to +4 V (normal hydrogen electrode)* and a
stress in water at the temperature 300°C, a uniform dark phase film is formed. An analogous dependence
is observed on the zirconium alloy in the potential interval from —1to +1,9 V (i.e., in the case of formation
of a dark oxide film on the surface, corresponding to the passive region of the anodic polarization curve),
but then, as the potential is increased to +2 to 2.5 V, a white oxide film is formed (corresponding to the
region of superpassivation of the anodic polarization curve), and the rate of deposition of corrosion products
at the potentials in this region increases significantly (curve 1, Fig, 2).

Probably the increased rate of deposition of corrosion products on the zirconium alloy in this case
should be explained by a change in the sorption properties of the film formed on the surface of the alloy,
and not by the value of the set potential, The process of deposition of corrosion products on the surface of
construction materials is not of an electrochemical nature.

Thus, evidently the rate of deposition of corrosion products (iron oxides) on zirconium alloys is a
function chiefly of three components: the iron concentration in the coolant, the thermal flux, and the prop-
erties of the films formed on the alloy. Thus, the dependence of the rate of deposition of corrosion prod-
ucts of iron on an alloy of zirconium with 2.5% niobium on the concentration of corrosion products in the
medium found in this work convincingly shows that the iron concentration in the water of operating nuclear
installations, from the standpoint of the formation of possible deposits on the surface of construction ma-
terials, should be less than 0.5 mg/kg. ‘

The resulis obtained permit us to assume that the deposits of corrosion products should be negligible
when the water system is observed. The authors of [9], who investigated the deposition on fuel cells, ar-
rived at an analogous conclusion.

*A potential of —4 V was communicated to one of the samples in the autoclave, and a potential of +4 Vtothe
other. ‘
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Thus,. the rate of deposition of corrosion products of iron on zirconium alloys under static and dy-
namic conditions in water at 300°C, including conditions of irradiation, was evaluated,

On the basis of the aforementioned we can draw the following conclusions,

. 1. If the zirconium alloy is corrosion-resistant and a umform black oxide film is formed on 1ts sur-
face, then:

1) with increasing iron concentration in the system (more than 0,5 mg/kg) the rate of deposition of
corrosion products of iron on the alloy increases significantly;

2) the rate of deposition of corrosion products of iron on zirconium alloys decreases with time and
when the pH is raised from 7 to 10;

3) increasing the oxygen:concentration in the medium and irradiation in the reactor spectrum with in-
tensity up to 10° neutrons/cm?- sec practically does not increase the rate of deposition of corrosion products
of iron on a zirconium alloy in the absence of a thermal flux;

4) the rate of deposition of corrosion products of iron on the zirconium alloys does not depend on the
potential in the passive region.

2. The rate of deposition of corrosion products of iron depends substantially on the quality of the ox~-
ide film formed on the zirconium alloy. Thus, the rate of deposition of corrosion products on samples with
a dense black oxide film is lower than on samples possessing a lose light colored oxide film.
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MECHANISM OF REDUCTION OF URANIUM HEXAFLUORIDE
BY HYDROGEN

Yu. N, Tumanov and N, P, Galkin . UDC'546.,6:541.121

The reduction of uranium hexafluoride by hydrogen is usually represented [1-5] by the ‘equation of the
exothermic reaction
(UFe)gast (Halgpe= (UFD) + 2(HP) , —~69.8 keal. o
Although the thermodynamic characteristics of this reaction indicate that the thermodynamics do not
limit the reduction of uranium hexafluoride by hydrogen [6], in practice this process begins only at 498-
523°K, and is slow and incomplete even at 873°K [7].

The difficulty of reducing UFg by hydrogen is usually attributed [1-7] to the high akctivation energy; to
reduce this, one usually employs atomic hydrogen,. generated by a gas-plasma reaction:of hydrogen with
fluorine, by an electric discharge [8], or by dissociation of ammonia [1],

[ad

The experimental activation energy of reaction (1) is 8.15 kecal/mole [5]. Since the activation energies
of the elementary stages may differ markedly from that of the overall reaction, the reldtively low activation
energy of reaction (1) indicates a complex and stagewise re-
duction mechanism and the presence. of a‘limiting state. Our

ho paper deals with these aspects. :
Reaction (1) may be represented to a flrst approxima-’
08 tion as consisting of two stages:
(UFY) ot () gag— (UFy) g4 + 2(HE) gact T4% keal, . (2)
g6 (U1) gog= (UF,){ —T5.0 T keal. 3
g Although the first stage (2) is endothermic, it is not
é s limited by thermodynamics (Table 1). |
8" The high exoeffect of condensation of UF, is responsible
:5) for the overall exothermic effect of reaction (1).
%ﬂgg The fact that when UF, is reduced by hydrogen under
Qe fairly mild conditions hoth the tetrafluoride and pentafluoride
are present, may be some indication} of the stagewise reduc-
0 x tion mechanism of U¥Fg, according to which reaction (2) takes
300 - 500 700 300 place in two stages:
Temperature, °K
: ' : *We took the following value of the heats of, formation of gas-
Fig. 1. Degree of hydrogen reduction of eous fluorides at T =298°K and p=1atm: AH = —510, 77
U¥g versus absolute temperature: 1) cal- & 0.45 keal/mole [9], AH{yp, == 449 + 5 keal /mol® (7,101, AHyp,
culated curve at a molar ratio UFg : H, =—374.9 + 5kcal/mole[11, 12], AHyp =— 64.2 * 0.3keal/mole
=1:1; 2) calculated curve at a molar ra- [13].
tio UFg: Hy = 1: 55 3) experimental curve TThe heat of sublimation of UF, was assessed from data of
{2] at a molar ratio UFg: Hy = 1: 5, con- . Akishin et al. [12].

tact time 30 min, 1UF; may be obtained by the reaction UF, + UFg — 2 UFg.

Translated from Atomnaya Energlya, Vol. 32, No. 1, pp. 21-25, January, 1972, _Original article
submitted January 6, 1971,

© 1972 Consultants Bureau, a division of Plenum Publishiﬁg Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This aiticle cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for §15.00.
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TABLE 2.

TABLE 1. Results of Calculation of the Equilibrium of Reaction (2)

Temperaure, °K 298 400 600 1000 1400 1800 2200 2600
Equilibrium constant _ . - o -, .
K, , atm 1,26-10% | 2,95-105 | 6,46-408 | 7,17-107 | 7,24.107 | 7,41.107 | 7,58.107 | 7,76.107
Degree of conversion 0,988 0,998 ~1 ~1 ~1 ~1 o ~1

of UFg

* The thermodynamic propertiesof uranium fluorides are given in /14 /.

Results of Calculation of the

Equilibrium of Stagewise Reaction of Re-
duction' of UF, by Hydrogen

T, °K

Reaction (4)

Reaction (5)

298

400

500

60O
1000
1400
1800
2200
2600
3000

1 Ix — degree } |x — degree
K , atm® bof conver- | K, atm*® lof conver-
e Ision of UF ion of UF;
4.17-108 ~ 1 3,02.10-3 0,05
1,26 ;6 2,34 1ot 0,345
5,80, 108 s~ 3,98-100 0,745
3,32.105 ~1 1,95-101 0,895
9,142,104 ~1 4,58.102 | 0,98
6.4t 104 ~1 1.02.103 .99
2.89. 104 ~ 1 2.63.103 0,995
2.0-104 ~ 1 3.8.103 0,999
1,55-104 ~1 2103 ~ 1
1,26.104 ~1 6,46- 103 ~1

- 1 . , .
(Ul‘_e) + j(Hz)gasz (DFs)gas"." (HF)gas— 2.4 keal (4

gas
(UFs)gas+ 5 (Ho),, = (URs)gagt (HF)gast 98 keal  (5)

The reduction of UF, to the pentafluoride is not
limited by thermodynamics, but if we disregard conden-
sation of UF,, reduction of the pentafluoride to the tetra-
fluoride takes place quantitatively only above 1000°K
(Table 2). Therefore if condensation of UF, in the reac-
tion zone is retarded in some way, we cannot assert that
the equilibrium of the reduction of UF, by hydrogen to
UF, is wholly displaced to the right,

Although the assumption of stagewise reduction of
UFg agrees qualitatively with the experimental data, Eqgs.
(4) and (5) do not reveal enough about the mechanism of

(1). Furthermore, the experimental curve of the reduction of UF; to UF, versus temperature [6] lies far
below the calculated data (Fig. 1), which is hardly possible under the conditions of continuous displacement

of equilibrium of UF, condensation. .
Since all practical methods of hydrogen reduction of UF; involve the appearance of atomic hydrogen in

some way or another, we must examine the ways in which hydrogen atoms are generated in the system UF;
—H;. The role of atomic hydrogen is usually reduced [1-4] to evolution of the heat of recombination in the

reaction zone by the reaction

2 = H, —104.2 keal. ' ©

However, markedly exothermic reactions -of direct reduction of UFg are just as possible:
(UFy) - 0

(UFs), -+ (£1)

ga

)gas:' (

UF5)gas’ -+ (H F)gas - 54,5 keal, (n

gos= (UFD) o+ (HIF) g, o~ 42.2 keal. (8

How can hydrogen atoms be generated during reduction of UFg in a reactor with a "hot wall"? Three
schemes of hydrogen atom generation in the system UFy;—H, may be visualized.

Scheme 1 — via dissociation of H, molecules;

Scheme 2 — via dissociation of UF; molecules:

H, == 2H -+ 104.2 keal. . (9)
(UF)gas= (UFs)gas + (F)gas+ 80.77keal , (10)
(11)

(F)ga{}_ (Hy) ypc= (HF)gas’i‘ (I—I)gas— 31.1 kecal.

gas

Scheme 3 — via formation of monoradicals during bimolecular collision by the Semenov scheme [15]:'

(Ul — F)gas &+ (11 ) gay =(UFslgast- (11— ) i (D) o+ 49.67 keal (12)

where UF;, fluorine, and hydrogen are monoradicals,

All the schemes include markedly endéthermic stages, but scheme 3 is thermodynamically more ad-
vantageous than schemes (1) and (2) (Table 3). .
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TABLE 3. Thermodynam_ic Characteristics of Reactions Leading to the Appearance of
Hydrogen Atoms in the System UFy—H,

Scheme Scheme » “Scheme

T, °K x —degree of x—degree of x—degree of | lx—degree of

Ke’ atm, dissoc%ation Kem' atm dissociation Keu’ atm conversion .Kelz" atm , conversion
d of H, - of UFg of H, of UF;

298 | 5,92-10-72 | 1,22.10-36 10-52 10-26 — — 7,98.10-30 2,95-10-10
600 | 2,12.10-93 2,3.10-17 10-23 3,17.10712 | 8, 52.1011 ~ 1 8,92.10-12 2,6-1074
1060 5,1-10-18 | 1,13.10-9 3,02-10-11 | 562.40-6 2,34-108 ~1 1,92.10~4 6,5-10-2
1400 | 2,34.10-1L | 2.43.10-6 3,16-10-6 1.78.10-3 2,57.10¢ ~1 1,44.10-1 . 4,4-1071
1800 | 1,27.10-7 1,78-10-4 1.855-10~3 51072 2,09.108 ~1 4.82.10 7,9-1071
- 2200 4 3,14-10-3 2.8-10-3 1,01.1071 3,1-10-1 4,28-102 ~ 1 . 5.2.101 9,35.1071
2600 | 1,46-10-2 1,91.10-2 1,596 771071 1.37-102 ~1 2,69.102 9,77.10-1
3000 | 2,47-10-2 7,83.10-2 1.23.101 9,6-10-1 6,02.101 0,988 8.92.102 9,87.10-1

Therefore the folloWing mechanism of reduction of UFg by hydrogen ‘may be presented
' (UFs—Flgae - (H—H)gag —> (UFa)gq = A1~ F) b (H) gy s
(U F5) gas+ (lI)gas - (UF4)gas”i" (l_iF) gas *
(UFg) gyt (H)gyg —> (ULs) ot (HF) gag +
Z(II)gas —_— (I'lg)gasr

(UF,) o — (UFy).

Furthermore, a certain part is also played by the reactions: |

(UF,)gas-+ (UF;)gas = 2(UFs)gas — 12. 43 keal, o (13)

(UFgs - (UP5)gas — (UsFg)g, (19
3UF)s - (_UF5)gaS: (U4F17)s 3 (15)

etc,

’ An attempt must be made to assess the kinetic constants of the elementéry stages included in schemes
1-3. o

Let us first assess the rates of establishment of dissociation equilibria of UFg and H,, because they
are the limiting values in schemes 1 'and 2. I we take as the rate the value 1/7 (sec'i), where T is the time
required for the partial pressures of hydrogen and fluorine to reach half the equilibrial values [1], then for
| bimolecular reaction (9), which must be written as

kig
H,--M 2= 2H+ M, (16)

;
LT

.at a pressure pflz: p?JFs = 0.5 atm, we get

1 IR Ta - 3 1012 2
r?‘_" 4pMkm ¥ Aeupﬂz B “(Ke )1/ ’ (17)

To assess the value of 1/’rF we must find the velocity constant of reaction (10). This was calculated
from the two mdependent equations:

&
K

kg == Mexp( HT) 2= (RI ) (f—ii)l ; (18)
—) ex

( Eo—RI). V | (19)

o = exp (2

where A is the velocity constant of monomolecular decomposition of excited UFg molecules; f is the number
of oscillators involved in the reaction; E, is the activation energy of the elementary stage; R, k,.and h are
respectively the gas constant, the Boltzmann constant, and the Planck constant; and AS* is the change in

| entropy

The results of calculations by Eqs. (18) and (19) agree closely (Fig, 2) if we put f = 3, AS* = SUF
- SUF » Ep= EUF -F = 80.72 kcal [14]
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12

Logarithm of velocity constant, sec
S

0 02 04 096 08 0 12 14 76
Reciprocals of temperature 102/ 7 'k i

Fig. 2, Logarithm of velocity constant of the reaction UFg — UF;
+ F versus the reciprocals of temperature, O) 18; x) 19.

For the value of l/TF we obtained the expression

o = 2K,y (R )1 (20)

P

The results of the calculation (Table 4) show that dissociation eqdilibrium of UF, is reached in the
range 1800-600°K more rapidly than for H, by a factor of 0.5-4. The velocity constant of reaction (11)
in the range 1000-4000°K may be asséssed by the equation [16] ’

By =T.76-10'70-07exp { — 20 (21)

" Beginning at T ® 1800°K the role. of dissociafion of UFg during its conversion to the tetrafluoride be-
comes appreciable and, with a further increase in temperature, scheme 2 becomes predominant, However,
at temperatures in the range ~1000-1500°K, reduction of UF, apparently proceeds via scheme 3.

The activation energy of reaction (12) may be assessed by the equation [15]
Eact=Eur, 4 Es-u— Ey—pi (22)

it is 49.67 kcal, For reactions of saturated molecules of type (12), the preexponential factor is equal (with
high probability) to the value 101% ¢m?® - mole™ . sec™ [15], so that

kyp = 10" exp ( — 49}?20 ) em®. mole™. sec” (23)

To calculate the velocity constants of reactions (7) and (8), we may propose the equation

0.28Eyp _ —~F
N -

em® - mole™! . sec™!
R’T .

Jiqg == 101 exp ( — (24)

An equation of this type was used for calculating the kinetic constants of the analogous reduction of
sulfur hexafluoride: :

SF,+H — SF; +HF. (25)

Calculations by the equations

egs = 2+ 1015 exp (—_.—30000i5°0° ). 1161

RT
27 000 )

ko = 103 exp ( —“&T
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TABLE 4. Rate of Establishment of Dissociation Equilibria of Hydro-
gen and Uranium Hexafluoride

He = 2H UFs = UFstF
T, °K ' -1 -1
K » atm 1/ T’ sec Ke, atm | 1/-,- , sec
: |
600 2,12.10-% 2,85.10-10 . 10-23 , 1810~
1000 . 5,1-10-18 5,04.10-3 3,02.10-11 43. 10
1400 2,34-10-11 5,51.100 3,16-10-6 2 4.101
1800 1,27.10-7 2,54-102 1,855.10-3 4,0.102
give results displeiying satisfactory mutual agreement. Therefore
' 22 600 o1 el '
Jeg = 101 exp (_. = ) em®. mole™! - sec™?, (26)
26 100 -1 .
10 exp { — em® - mole™ . sec - (27
/c7 == 1013 exp ( 7T ) . _ )

The value of kg for the reaction 2H + Hy — H, + H, in the range 290- 7000 K may be calculated by the
equation [16] -

k. =6.03.10187'—*.09 cm®- mole™? - sec™h - 28
6 o7 em

In accordance with the Frenkel' equation [17], the rate of removal of supersaturation of uranium te-
trafluoride by formation of nuclei of the condensed phase in UF, vapor has the form:

J g = ex1 —7.2.10303 1.13-10%62p g_"’ 1/2 sec™! s (29)
Ulyg p s (1 P )z Py (l _£~)3/; m
g Peo g Doo

where ¢ is the surface tension; p and p., are re'spectively the vapor pressure and the equilibrium pressure;
and g* and m are respectively the critical size of the nucleus and its mass.

For the velocity constant of kg3, by analogy with k; and kg we may write the equation

0.28Eyp g
—RT

) = 1013 exp (— “‘;190) cm3 mole” -»sec'l. (30)

k3 =101 exp ( —

The role of reactions (14) and (15) cannot be determined, but it is apparently fairly great after the
appearance of condensed uranium tetraﬂuorlde in the system,

The results may be summarized as follows,

1. Reduction of uranium hexafluoride by hydrogen to the tetrafluoride is an endothermic reaction;
the exothermic effect of overall reaction (1) is due to condensation of UF, and it cannot always be used for
activation of UFg reduction.

2. The appearance of hydrogen atoms in the system UF,—H, activates reduction not only by recom-
bination of hydrogen molecules, but also as a result of markedly endothermic reduction of UFg and UF;
molecules by atomic hydrogen. :

3. Owing to the high thermodynamic stability of H, and UFg molecules, at least up to 1400°K, the
primary stage of reduction of UFg is the endothermic reaction of formation of monoradicals of hydrogen and
UF;5, accompanied by exothermic reduction of UF; and UFg by atomic hydrogen,

4, Above 1400°K an important part is played by dissociation of UFg molecules, accompanied by the
exothermic reaction of atomic fluorine with hydrogen molecules to form atomic hydrogen.

5. The concentration of UF, molecules in the gas phase decreases continuously to the equilibrial con-

‘centration owing to formation of nuclei of a condensed phase, which at ¢ = 5.10° erg -cm™? include from 4

to 67 UF, molecules in the range 400-1200°K. Under these conditions the rate of condensation of UF, is
104 sec™!, Condensation of UF, molecules may be accompanied by decomposition of UFg molecules, giving
two UF; molecules.

6. The appearance of condensed tetrafluoride in the system UF¢—H, may accelerate decomposition
of UFg with formation of UF; and "intermediate” uranium fluorides.
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7. The experimental activation energy of hydrogen reduction. of UFé, 8.15 keal/mole, is not the true

activation energy. The activation energy of the limiting stage of reduction of UFg is ~ 49.67 kcal/mole. The
appearance of condensed uranium pentafluoride, atomic hydrogen, and condensed tetrafluoride reduces the
activation energy of reduction of the hexafluoride,

12,
13.

14,
15,

16,
17,
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CALCULATION OF REGULAR SYSTEMS OF NEUTRON ABSORBERS

Ya. V. Shevelev and I. L. Chikhladze . UDC 621.039.51

The most frequently used method of calculating systems of absorbers is based on a solution of the
criticality equations [1-3]. It is not easy to calculate the effect of absorbers by this method, however, since
the neutron distribution must be investigated simultaneously both over the reactor as a whole and close to
each individual absorber. The difficulties are increased if several energy groups are taken into account,

' We propose a two or three stage procedure for calculating systems of absorbers occupying a small
fraction of the reactor volume, First the actual reactor is replaced by an equivalent reactor in which the
neutron distribution over the region occupied by the absorbers is a smooth function of coordinates, possibly
having discontinuities in magnitude and slope at some boundary. At large distances from this region the
neutron distribution coincides with the true-distribution, The equivalent reactor is critical when the actual
reactor ig critical. The criticality condition for the equivalent reactor and the smooth neutron distribution
in it are then found. If necessary the true neutron distribution over the region occupied by the absorbers
is calculated. The calculation as a whole is greatly simplified, and the last stage is not always necessary.

Statement of the Problem. Let us consider the simplest problem of this class. Suppose a plane strip
of material which is a weak neutron absorber contains cylindrical rods which absorb thermal neutrons only
(an unessential restriction). The strip is placed in the reactor core or reflector and is periodic in the y
direction (Fig. 1). A cell contains n rods positioned arbitrarily at the points r;, wherei=1,2,...,n: the
rods are numbered in order of increasing x;. The coordinates of the remaining rods are given by

Iim=T;+ma, wherem= —oo, ..., —1,0,1,... o, (1)

It is assumed that pi/L<< 1, where p; is the radius of a rod and L is the diffusion length. However this is
not a limitation in principle,

The thermal neutron flux @ (x, y) fluctuates in the strip and close to it; i,e., thereisa complex micro-
structure, Since these fluctuations are rapidly damped out with distance from the strip it is appropriate to
consider the smoothed out fluxes above and below the strip

1
“a

D, (z) = SCD(x, Y)dy, x> xn;
0

(2)

D_(2)=— | ® @ pdy, a<a,

Oy 0

The true flux ¢ outside the absorbers is given by

v L o= L (3

R

where q is the density of thermal neutron sources, We assume the strip is so thin that q is the same on its
lower and upper surfaces, For @ (x) we obtain the equation

(I‘ZfI);j N @O q

det [T Dt ‘ (4)

Translated from Atomnaya Energiya, Vol, 32, No. 1, pp. 27-32, January, 1972, Original article
submitted February 16, 1971,

© 1972 Consultants Bureau, o division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This. article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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The problem can be solved by assuming that q varies or
that the properties of the media and the source strengths
inside the strip and on opposite sides of it are different, but
we limit ourselves to the simplest case when

D=D,=D._; q=q_=q,; Ly=L_.

At large distances from. the strip ¢ coincides either
with @1 (above) or with &_ (for x < 0). We extrapolate the

Y
s functions @, and ¢_ by Eq. (4) inside the strip to some ar-
! ) bitrary boundary separating the regions, e.g., to the line
Fig. 1. Cellwithnrods spacedwithpitcha, x =0, We obtain the values of the functions ®,4 and &_,

and their derivatives d® ., /dx and d®_;/dx on this boundary;

the values of ¢, and ®_, may differ, and the values of the derivatives will also differ. The specific prop-
erties of the strip must appear in a definite relation among the four quantities mentioned and also possibly

q /% which appears in Eq. (3).

be written in the form

Since the equations are linear and Eq. (3) is second order, these relations can

dCD_O

MO0+ MOy NPa 2020 1 N0 200 4 g % —0;

®)

MO, 4 MO+ NPa 200 4 ywg D0 g 4 g,

Mla

By using Egs. (4) and (5) the solution of Eq, (3) in the lower part can be related to the solution above
the strip. Thus the dimensionless coefficients M2, N2 and K12 completely determine those properties

of the strip which affect the thermal neutron flux far from it

In solving the criticality problem these equa-

tions are used instead of the standard joining equations for thermal neutrons., In a similar way equations
of the type of (5) are obtained for neutrons undergoing moderation. After the criticality condition has been
found it is possible to return to the equations determmlng the actual rather than the smoothed out fluxes,

and to construct them,

We determine the coefficients M, N, and K.

Solution of the Problem for Constant Neutron Flux at the Surface of the Absorber. The problem is

simpler to solve when the absorbers are rather widely separated (p;/a «<1).

We write the solution of Eq. (3) as the sum of a regular part q’reg and singular solutions symmetric

with respect to each rod

D ()= Dregla) + B € 3 K, (L=fel). (8)

i=1 - Mm=-—c0

The function @ .., (x) satisfies Eq. (3) over the whole volume, The singular terms satisfy Eq. (3)with-
out the right hand side. Since Eq. (3) does not hold close to the surface of an absorber, effective boundary )

conditions are set [4]:

[
a0;

QUi teily . (0
fr—rsl=p; h Aryj A ( My ) '

By substituting (6) into (7) we obtain the equation for the coefficients C;:

L
Cvi+ D) Civigt Qreq(zs) + = ch.:o

i

where

'vij___v (vr—l‘_; . a ) [ 2 K, (|rl—r]—7—ma]‘ )J__'Ié_, .

m=—o0

o (8) 40 (%5 ).

(M

(8

(9)

(10)

The term TL/A in 'Eqs (8) and (9) is separated out because, as is shown in the Appendix, if a/L— 0 the
quantities v;; remain finite, The coefficients v;; are calculated in the Appendlx By using (8) the Cj can

be expresse(% in terms of (breg which by Eq. (3) is given by
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2

q)reg oz)="2 rego ch — +L rego h—————?(l—ch—) (11)

“where Pregqand dfbrego/dx are the values of this function and its -
derivative on the arbitrary boundary x = 0. Thus the values of the
Ci are expressed linearly in terms of ¢/Z and the two so far un-

determined constants &gy (and d%y.eq o/dx.

QN
QO

Let us calculate the functions @i(y) We first average the

20 sum in (6)
oo i .
Flg. 2' Smoothed out extrapola_ S 2 K (LM) dg — Z S KO (I x‘“f‘y——l‘i _L\”l + §a) ]) dz
ted neutron flux for vy < 0; absor- U m=-o0 nm=—co U

bers are placed in the plane of sym-

After the change of variable m + £ = t we obtai
metry. The shaded region is "dis- & m+¢ we obtaln

oo Mm--1

placed.” , | Y \1 Kﬂ(lXﬂ"-ﬁ—ﬂtl)dt: EQ,K“(-‘- /(r?m’ . (u—rfl,fft) ) i

Me=—o - 1t —o0

It is known [5], that

ES

{ BV P57 dg = e (12)
and therefore _
1 % | £ | L fx—x; |
r—r;—ma—a - al —
S 3 KU(————-——-L = )d;:—”—e L (13)
0 ti=—o0
- Thus according to (3) and (13) )
D = Dreg 4 5D, . (14)
where
-a®+=gci%e‘ - 6®_=Zci“7"‘e . (15)

Each of the functions 6® satisfies Eq. (14) without the right hand side and ‘I’reg satisfies it with the
right hand side. Therefore the extrapolatmns of the functions @ are obvious.

("Dm dtDregn

x. a, /L
(D—O = (Dreg() “w‘" - Z Cie /L’ dr Z C
(16)
al —ayr, A0 4D rego -5,
D, :(Drego-%- = Z Cie™ /L. _EI_Q == L Z Cre 'L,
We rewrite Eq. (8) by using (11):
: i d('Drego i zj
cjijr.z_cil.,,Thzcacbregoch—jw Jl%—;%“—chf‘):o. N (17

The unknowns Cj, ‘I’re g» and dq)re O/dx can be eliminated from (16) and (17) to yield two equations in ®z,,
O/dx and q/Z since the number of equations in these systems is n + 4 and the number of unknowns elim-

mated isn + 2, Therefore Eqs, (16) and (17) lead to relations of the type of (5), i.e., to explicit expres-
sions for the required coefficients, .

Specific Types of Lattices and Analysis of Results. Arbitrary regular lattices can be analyzed by
using Eqs. (16) and (17) and formulas (A.6), (A.7), and (A.10}. - In the simples case when n =1 it is con-
venient to set the arbitrary boundary along the line of centers of the absorbers. Then according to (16)

c[)w:(D_O:(DregoJ.-%Cz? g '
| (18).
dd,, dPrego } dDreg o (I(D+0 c, "
- dz dx - dr o
and from (17)
» L
_ C, (vﬁ-%) + Drego=0. (19)
25
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TABLE 1. Types of Absorber Lattices Considered and Results of Two-Group Calculations
of Reflector Savings. The Core and Reflector Parameters Correspond to the IGR Reactor

[6]

Lattice structuré“v ] ) %.su.l {—'i:n, 14 %:n.: v

Y M 23,4 20,3 17,1 v

r i i y 27.0 21.9 17,7 1e

X | 29,0 23,7 18.9 Vi

. Ts 7 ] 17,9 15,7 13.8 v

l °i Ll . L5 1(;,3 14.2 72

o P 2205 18,0 14,9 y2

e 15,0 13,3 1.9 v

' . s 17,1 14,1 12,2 N

18,7 13,0 13,9 V3

ol ¥ 1 12,4 1.4 Y

L : o 14,9 13,0 1.6 a

Tk 16,1 13,6 T 12,6 Va3
'

*y, =1.3; y3 = 1.616 corresponds to IGR rods, In all three cases a=14 mm,
 Data for lattice used in IGR,

By eliminating the unknowns C;j, ‘brego’ and dq’rego/dx from (18) and (19) we obtain the two equations .

Dpg=Dy;
d,y  dd_, . 2a } , (20)
a dr =a dz "‘.‘;_(D+0.

By comparlng (20) and (5) we fmd
M“’ MY, NO N — g g,
N = N M= —Z N
MO = —ZNP; K®=0.
Equations (20) are similar to the boundary conditions which describe absorption in a thin foil [4]." Thus

an array of cylinders can be regarded as equivalent to an absorbing layer for which the product of the thick-
ness A and the macroscopic absorption cross section Z; is

p
_Znk _ 2n a P - , v
-\yJ—_..]_n__
Chg 2np

However the analogy with a thin absorber does not completely represent the situation. The quantity
vy can be negative for a/(2p) < T as is confirmed by more accurate calculations. If a zero value of v, in
Eq. (20) can be interpreted as the blackness of the equivalent- absorbing layer becoming infinite* then a
negative value of v4 can only be interpreted as the result of the displacement of the medium by absorbers
of finite thickness (Fig. 2). It is clear that the width of the displacement region must not exceed the diam-

eter of the cylinders. Fortunately this physical requirement is satisfied even in the crude approximation
considered. ' ' '

By using Eqgs. (16) and (17) in the two-group approximation and taking the usual continuity conditions
at boundaries for neutrons undergoing moderation, reflector savings were calculated for various lattices of
absorbers placed close to the core in the reflector of the IGR reactor [6]. The results of the calculations
are shown in Table 1 and in the corresponding graphs of Figs. 3 and 4, These calculations permitted the

selection of a five-rod absorber lattice for the lower reflector of the IGR reactor, The calculated results
are in satisfactory agreement with experiment,

*Actually it is well known that the flux ¢ is not zero even on the boundary of an absolutely black absorber,
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10 ; b } — s 75 20 25

n ' d, mm

Fig. 3 Fig. 4

Fig. 3. Reflector savings 6 as a function of the number of absorbing rodsn in a
cell for rods of various diameters and various values of ¥.

Fig. 4. Reflector savings 6 as a function of the diameter of an absorbing rod dfor
various numbers of adsorbing rods n in a cell and various values of Y. Values of
Y1 g 3 are listed in Table 1.
APPENDIX
Calculation of coefficients Vij» Vi and v. According to (9)

e (5505 8) s vm (52 3) = [ 3 o (VIR - @)

m=—0o0

TFollowing [4] the Poisson summation formula is used:

o0 oo

S p@mm=gr N | o)k, (4.2)

‘Mm=—oc V=—00 —0

Using (A.2) and (A.1) we obtain

()t S QK(Z_H_—))

dk.

a e 'L L

Making the change of variable t = (y + ak/2T)/L and using the formula [5]

. oo u P24t "
- —u———du
Ko (V)= [ o i o2, (A.3)
0
we obtain
o ) y ® X2 co L #2
nl, L iveR — e el 1) —i2qV = .
; _;_U::_a_ E e a Se IAL-u_u_ g e a hugg, (A.4)
V=—00 [ ——.oo ’
where
i R L, o L - L2
—i2av — f——— A= [ —s2—il2nv — 2 Vus 4 S— —AaN? - u
Se o dudt=2 ) u 5 ¢ @ ds=2V aue = @&,

© 27

Declassified and Approved For Release 2013/03/01 : CIA-RDP10-02196R000300100001-0



Declassified and Approved For Release 2013/03/01 : CIA-RDP10-02196R000300100v001-0

Thus
al I o ivanl § ™ —u(j)fg-.anzvz.ﬁ)_._xz
e R AR dy
V=00 0
or
%0 iver L ) : (14.1.;;2\;22;){_:.
al, L e a —12 2
-L—-I—U—‘T y; 2!/_,‘(,\‘0 il dt
V=00 ]/ 142y —— o
and further
o0 i2ay T
L al o @ A=t /_1+(27!V£ :
T =T 2 ‘ el =) (A.5)
. V=—100 1—42.’('\’——)
Separating out the term with ¥ = 0 we obtain
con U ——
Crxw L o g 21y 1/ (2 )2
v (.x * i) =TT )RS Ao 1/1 ) .o (A.6)
a L a /1 T4 a \2 V¥
v=t 1 - (ZI'WL') )
Equation (A.6) is the working formula and has the obvious limit as a/L — 0:
. o o I¥1=1u - fxf
x4y ___.1!1|_;_ _1_ - —— %] 1 -2 y\2
v( - )_ — ,Rez e ——T—?ln[i—e a cosZn;)
A==1
. —2a A8 gy 2n 1 2nx 2ay
T(E‘ @ a)2J=—-TIn[2 (Cha_—‘COS—a—)]. (A'7)

As v increases the terms of series (A.6) converge rapidly to the corresponding terms of the series
(A.7). Inview of this the obvious relation '

VLo X ULmao -+ (Sy— Sy [Leo)s ‘ (A.8)

can be used where the S, are the partial sums of the corresponding series. In parﬁcular it follows from
(A.7) that if Vx? + y2 = p, then for p<a )

v (%) =ln 5(;_9 . _ _ (A.9)

and therefore from (10)

a

At
z..-jzw_b? +'ln2np]~' T (A.10)
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THERMALIZATION OF NEUTRONS IN H,0 AT 318 AND 77°K

S. N. Ishmaev, I. P. Sadikov, UDC 539.125,523.5
and A. A, Chernyshov '

An analysis of the time evolution of the neutron spectrum in a moderator after the arrival of a pulse
from the source constitutes one of the most effective methods of studying the thermalization of neutrons,
Experiments of this kind provide excellent information as to the effect of the chemical bond and the thermal
motion of the atoms in the moderator on the rate of establishment of equilibirum between the neutrons and
the medium, and may serve as a reliable base for the verification of the methods commonly employed in
calculating neutron spectra and extracting data relating to the scattering laws of the moderator., In addition
to this, such investigations are essential in order to find ways of creating efficient pulsed sources of ther-
mal and cold neturons in accelerators and pulse reactors, So far, measurements and calculations have only
been carried out for the nonstationary neutron spectra of beryllium [1, 2], graphite [1, 3, 4], heavy water [5,’
6], zirconium hydride [7, 8], and ice at a low temperature [8]. Compared with the other moderators, light
water is a difficult subject for experimental study, since the thermalization of the neutrons takes place
very rapidly, thus making extreme demands on the time resolution of the system. Although the author's
first measurements of nonstationary neutron spectra in water {7, 9] were carried out with a fairly high res-
olution (3.5 usec), the results disagreed seriously with theory [10, 11]. The reasons for this disagreement
lay in the perturbations arising in the experimental work as a result of the introduction of a channel for ex-
tracting the neutron beam from the water moderator [12].

In this paper we shall describe the results of subsequent experiments relating to the time thermaliza-
tion of neutrons in water at 318 and in ice at 77°K,

Conditions of the Experiments. As a pulsed source of fast neutrons with a short (0.6 usec) rise time
we used the linear electron accelerator of the I, V, Kurchatov Institute of Atomic Energy. Near the lead
target of the accelerator we placed a cryostat containing a flat aluminum vessel (8 X 25 X 29 ¢m in size)
holding the moderator "(water or ice). The ice was cooled to 77°K with liquid nitrogen. The neutron beam
was extracted from the surface of the moderator. In contrast to the earlier measurements of nonstationary
neutron spectra, which used a mechanical interrupter [1, 9], in this case we used a new experimental meth-
od constituting a combination of a crystal spectrometer with the time-of-flight method. Using time-of-
flight discrimination (L = 6 m) in a multichannel analyzer, we directly and simultaneously measured the
time dependence of the flux of monochromatic neutrons ¢p(t) for seven fixed energles corresponding to dif-
ferent orders of neutron reflections from an iron single crystal (dj;y = 2.023 A), The time resolution At
depended on the energy; in the range 0,005-0,250 eV it varied from 6,3 to 1,5 usec. In order to obtain a
resolution of this kind, we had to secure a highly-monochromatic beam (AE/E = 2.1073); this we achieved
by reflecting the neutrons from the crystal in almost exactly the backward direction (9Bra 83°52', A@
= 20'), The measuring method and the method of data analysis were described in full detaﬂgearher [12].

Results. The time dependence of the neutron flux in H,0 measured for various energies is shown in

Fig. 1. The results obtained for water and ice are referred to the same intensity of the fast neutron source,

allowance being made for the efficiency of the detector and the reflecting power of the crystal,

For the case of short periods (t < 1.0 usec), when the average energy of the neutron spectrum is large
compared with kT, the difference in chemical bond between the liquid and solid states of H,O has hardly any
effect on the initial stage in the thermalization of the neutrons. The difference which appears later between

Translated from Atomnaya Energiya, Vol, 32, No. 1, pp. 33-38, January, 1972, Original article
submitted December 7, 1970. :

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17tk Street, New York,
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TABLE. 1. 'Neutron Thermalization Time for Water and Ice

o
T, °K . Water 318 K

- ' Ice, 77°K
Geometrical parameter p?=0,161 cm™2) ce
E, eV 0,005 0,020 0,045 0,081 0,126 - 0,005 0,020
Ao (E). rel units. 56,0453 | 20048 | 26145 16646 | 58,5+5,5 | 194443 | 123439

10 646;{;671 10589 £275 | 10 9381227 | 11 2484-390 | 11 2791991 | 6 28741468 | 6 5701234
-] ) . . N

g SE€C
0 10 870+119 6453+139
(10 65032 [13]) * : (62191418 [14]) *
A, (E)/Ag (E) —1,30 —1,58 | - +3.99 45,45 | —1,01 +2,30
6,4812,64 | 5,940,56 | = — 5,4640,56 | 6,1140,83 | 53,8+1,6 | 56,8414
Tthe psec
. 5,84-0,6 55,54+1,5

*
Calculation: ap= < ;9> + < Dv>4 B2—C- B4,

the behavior of the neutron flux in water and ice respectiv'ely is mainly due to the sharp reduction in the
temperature of the medium and the corresponding change in the proportion of neutrons of a specified energy
in the asymptotic equilibrium spectrum, The asymptotic behavior of the &y (t) relationship is indicated in
Fig. 1 by the continuous lines, which are obtained by analyzing the experimental results over long periods
by the method of least squares. Close to equilibrium, the neutron flux may be expressed in the form of a
superposition of the fundamental and first energy harmonic only:

Oy (1) = Ay (E) 60" - 4, (B) o™+ ..., (1)

where A (E) and A, (E) are the eigenfunctions of the scattering operator in the nonstationary kinetic Boltz-
mann equation describing the thermalization of the neutrons, while oy and o are the corresponding eigen-
values. Equation (1) is only valid if o and oy lie in the discrete part of the spectrum of eigenvalues, while

- the contribution of the higher energy harmonics may be neglected. The values of the amplitude AyE) and

the decay constant oy of the fundamental harmonic are shown in Table 1. We see that the values of &, de-
termined for various energies coincide, within the limits of experimental error. This means that an equi-

. librium neutron spectrum has been established in the system in question. The temperature of the medium

has a considerable effect on the time required to establish equilibrium, and also on the lifetime of the ther-
mal neutrons. Whereas in water the same exponential fall in neutron flux appears for all energies after
approximately 30 usec'in the case of ice at 77°K thermalization requires at least 200 usec. The lifetime
of the neutrons 1/ in a particular block of ice is 1.7 times longer than in the corresponding water. The
weighted mean values of o are close to those calculated on the basis of the diffusion parameters of water
and ice measured by the pulse method [13, 14],

By analyzing the ¢ (t) relationships measured for seven energy values, we may reconstruct the ap-
proximate form of the energy spectrum of the neutrons in water at various instants of time, In Fig. 2these
spectra are compared with the results of a numerical solution of the kinetic equation in the diffusion ap-

proximation based on the Nelkin model for water [11], The results agree quite reasonably with one another.

A certain difference which appears at t = 4 usec may be due to a distortion of the experimental curve arising
from inadequate resolution, and also to differences in the spatial distribution of the source considered in
the calculations and experiments respectively.

The results of these experiments enable us to analyze the question as to the existence of such a para-
meter as the "thermalization time" for H,0. By using Eq. (1), in fact, we obtain

g (e % ‘_ A1(F J—_ .
—AB | Ferle e, (2.

from which we may find the thermalization time Tih = 1/ (a; — ¢4), which characterizes the rate at which
the neutrons approach thermal equilibrium with the medium. Figure 3 illustrates the relation of Eq. (2)
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for water and ice on a semilogarithmic scale. The errors these indicated are simply those associated with
the statistical accuracy of the measurements, not with any errors committed in the determination of o, and
Ay(E); the finite time resolution is also not taken into account. Since the eigenfunction A,(E) is a sign-
varying quantity, the eigenvalue @; can only be reliably determined for those energies at which A,(E) differs
substantially from zero,

In water, after about 10 usec the form of relation (2) is almost exactly the same (expressed as a func-
tion of time) for all neutron energies. The results obtained on analyzing these data by the method of least
squares are presented in Table 1. Since the values of Ty, determined for various energy groups agree with-
in the limits of experimental error, we may conclude that a discrete eigenvalue o really exists for water,
and that the parameter 7¢j has a physical meaning. The weighted-mean thermalization time based on data
relating to various energies is shown in Table 1.

Thethermalization constant was also determinedin [15], in which the time dependence of the rate of neutron

absorptionina large water system was analyzed after introducing resonance absorbents (cadmium and gadolinium)

intoit, Herea slightly lower value was obtained: Ti,, =4.1 # 0.4usec. The authors of [16] gave a numerical solution
for the nonstationary diffusion equation, using the Nelkin model for H,O, and obtained the spectrum of eigenvalues
as a function of B?, These results indicated that for B2= 0,161 cm™? T4p = 5-53 usec, in good agreement with our own
experimental thermalizationtime. Thevalue of T4y, for ice can only be determined from the measurements at the
two lowest energies. The relationship of Eq. (2) was analyzed for t > 30 usec. We see from Table 1 that
the values of Ty, obtained for these energies are quite close together. The weighted-mean thermalization
time for the neutrons in ice at 77°K is much smaller than the time found in [8] from the time dependence

of the average energy of the neutron spectrum (77 £ 7 usec) and from the transmission of neutrons through
an indium absorbent (67 + 10 psec). It should be remembered that the results of these measurements [8]
may have erred as a consequence of perturbations arising from the experimental channel introduced in or-

" der to extract the neutron beam.

The rate of establishment of the equilibrium neutron spectrum in.ice cooled to 77°K is approximately
a factor of ten lower than that obtained for water. It is an interesting fact that the value obtained in [17] for
ice at 268°K is T4y = 4.8 = 0.5 usec, almost the same as the thermalization time in water, This indicated
that the differences in the scattering powers due to the liquid and solid states of H,O are not very great, the
principal cause of the reduction in the rate of estsblishment of the equilibrium neutron spectrum being the
severe reduction in the temperature of the medium.
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Fig. 3. Time fall-off of the first energy harmonic for water and ice: a) 318°K; b)
7T7°K.

In conclusion, we should note one further fact, which is of partlcular importance in creatmg an ef-
ficient pulsed source of slow neturons. We see from Fig. 1 that, when the neutron energy E > kT, the
flux of monochromatic neutrons has a sharp maximum, and its extent is determined by the time of retarda-
tion to the specified energy. For neutrons with E< kT, the thermal motion constitutes the factor prevent-
ing the achievement of the maximum possible flux value, since a considerable proportion of the neutrons
are scattered into a higher energy range, with the acquisition of energy. Furthermore, the length of the
pulse is very considerable in this case, being mainly determined by the lifetime of the neutrons in the equi-
librium spectrum, The intensive cooling of the moderator to a temperature at which the condition kT < E
is satisfied will clearly reduce the contribution of the diffusion component and constitute an effective means
of obtaining strong fluxes of slow neutrons with a short pulse length,

The authors are grateful to V. I. Mostovoi and L. V., Mairov for valuable d1scuss1ons regardmg the
method and the results of the measurements,
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DETERMINATION OF LITHIUM IN SOLID MATERIALS FROM
THE REACTION Li%(n, oz)H3

B. P. Zverev, Yu. F. Simakhin, ’ UDC 543,53
and A, G, Dutov ) i

Many papers have been written on the determination of lithium in various materials by the neutron-
activation method. Some of these have employed the Li®m, o)H® reaction with thermal neutrons. In one
case [1] the B particles of radioactive tritium were recorded in order to determine lithium. The energy of
the B particles was 18.6 keV, and there were accordingly great difficulties in using the detector. In another
case [2] a secondary reaction was used, the delayed neutrons of the N!7 isotope being recorded. In another
case [3] the secondary reaction O, n)F!® was employed, the lithium content being determined from the F18 ;
activity. In certain experiments the charged particles formed in the Li®(n, o)H3 reaction were directly re- |
corded, In determining the isotopic composition of lithium in [4] by irradiation w1th a Po—Beneutron source,
the particles were recorded with a ZnS§ scintillator,

In the Li7 isotope the Li’(n,¥)Li® reaction takes place with a cross section of 36 mb, forming the Li8
isotope with a half life of 0.85 sec. In this case B particles with Eg = 13 MeV may be recorded with a Ce-
renkov counter {5]. Such methods either have a low sensitivity, or require the destruction of the sample,
or alternatively the use of standard specimens made of the same material as that being studied, although
this is not always possible. In this paper we shall set out a method of determining the lithium content of
solids without destroying the sample, using standard specimens of any convenient material.

Method, The reaction Li®@m, @)H?, involving thermal neutrons and having a cross section of 945 b, is
exothermic. The energy evolved (@ = 4,78 MeV) is divided between the « particle and the tritium nucleus
in inverse proportion to their masses (E, = 2.05 MeV, E; = 2.73 MeV). The tritium nuclei and the o par-
ticles have specific ranges; only particles formed in a thin surface layer will escape in the direction of the
detector (the range of the « particles is a few microns, that of the tritons a few tens of microns). Owing
to the absorption of energy from the particles as these move in the sample material, the energy spectrum
of the escaping particles will be continuous. Since the range of the « particles with E o= 2.05 MeV is an
order of magnitude smaller than that of the tritons with E; = 2.73 MeV, while the probability of the forma-

-tion of both particles in unit volume is the same, it will be impossible to distinguish the « particles against
the overwhelming background of tritons in the spectrum as recorded by an external detector.

On irradiation with thermal neutrons, only a number of tritons given by the expression .
' = Ny;fo® : _ (1)

will be formed per unit time in unit volume of a sample containing lithium, where N 1,i is the lithium con-
centration in cm™3; f is the abundance of the Li® isotope in a natural mixture; ¢ is the cross section of the
'Li%m, o)H® reaction in cm?; & is the flux of thermal neutrons in neutrons/cm? - sec,

In practice, the thickness of the sample is greater than the range of the tritons with E; = 2,73 MeV
(thick sample), so that only some of the particles escape from the sample. It may be shown that

Translated from Atomnaya Energiya, Vol. 32, No, 1, pp. 39-42, January, 1972. Original article
submitted December 14, 1970 ‘

® 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1. Dependence of the count on the area of the standard specimens for a con-
stant lithium concentration and a constant specimen shape.

Fig. 2, Mixed spectrum (1) and background spectrum (2) from’a quartz plate.

particles escape through a ﬁnit surface of a flat, thick sample in unit time into the solid angle 27, where
R is the range of particles with E; = 2,73 MeV in cm; R, is the range of particles having an energy equal
to the discrimination level in the sample material. '

Let us substitute the value of N; from (1):
N .
ne="FL fo® (R— Ra) 7. . @

. In Eq. (2) we have introduced a coefficient ¥ allowing for the geometry of the sample-detector sys-
tem, In addition to this, ¥ depends on the area of the sample and the topography of the neutron beam. Equé—
tion (2) is difficult to use in calculating the lithium content, since it is a very tedious matter to allow for
the geometrical positioning of the sample and detector as well as the topography of the neutron beam. Fur-
thermore the calculation of the product 0@ is very indeterminate. In order to obviate these difficulties it
is essential to use standard specimens with a reasonably accurately known lithium content. '

Let there be a standard specimen with a lithium concentration Nij,; then

N-.
Ry =—2 fo® (Ry— Ruy) y- (3

The coefficient ¥ calculated from Eq. (3) gives the following on being substituted into (2)

Nii—ny, (R — Ry)

ng=—=—————————
¢ Npy, (Ro—R,)

Whence

_ne (Ro—Ry)
NLi—;:)(RTﬁn)*NLim (4)

where the quantities with the zero index relate to the standard specimen, The ranges R for the tritons are
calculated from the formula

R(E)=2.993R, (yas) ~ 3Ry (Z)

where Rp is the range of a proton. Knowing the mean atomic weight of the sample and sfandard, we may
find Rp from tabulated data [6]. Equation (4) enables us to find the lithium concentration in the sample to
an accuracy only restricted by the statistical error in determining the quantity n;j.
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TABLE 1. Lithium Content of Certaln Quartz Experimental Part. As a detector of tritons we
Samples used a thin CsI(T1) crystal placed (together with the sam-
Nomber T ;Concemra_ T Content, ple) in a vacuum chamber in order to eliminate the ab-
sa‘;rflple Area,cm Inon em™ | wt o Error, % sorption of energy from the tritons in the air. The pres-
. sure in the chamber was reduced to about 10~2 mm Hg.
1 1,43 | 02100 | 40100 | 12 Insi o X : _
nside the chamber was a device for interchanging sam
2 I 2,10 4,5-10'8 | 1,9-1073 20 ples, so that five of these could be studied without break-
3 | 3,54 7,4.1018 | 3.4.10-3 1 ing the vacuum, The CsI(T1) crystal constituted a disc
' 30 mm in diameter and 20-30 pm thick, optically coupled
4 ’ 3,59 1,1-101 | 4,6-107 \ v with an FEU-13 photomultiplier. The plane of the sample
5 | 3,3 0,98.1018 | 4,2.10-3 | 8 was inclined to the plane of the detector at an angle of 30°.

In addition to thermal neutrons, resonance and fast
neutrons (about 109 of the total) as well as Y quanta ap-
peared in the beam emerging from the horizontal channel of the VVR-S reactor in which the measurements
were carried out. In recording the tritons, a considerable background due toy radiation, S particles, and
protons is therefore to be expected. The latter arise from the elastic scattering of fast neutrons in the hy-
drogen of organic contaminants occupying the sample surface and parts surrounding the detector. - Protons
also arise as a result of an (n, p) reaction taking place in aluminum, nitrogen, and other elements.

The small thickness of the CsI(Tl) crystal (20-30 #m) enabled us to exclude the B — ¥ background and
bring the detector closer to the sample (38 mm), thus increasing the geometrical efficiency of triton re-
cording. The background from the protons was reduced by careful siting of the sample, detector, and
shielding screens.

For low lithium contents, the background pulse count rate may be much greater than the triton count

- rate; the spectrum of the latter can only be distinguished by subtracting the background from the mixed

spectrum. Since tritons are only formed under the action of thermal neutrons, the mixed spectrum may

be recorded by allowing the whole beam from the channel to fall on the sample, and the background spec-
trum by excluding the thermal neutrons from the beam. If over the whole measuring period we first re-
cord the mixed spectrum, then cover the thermal neutron beam and record the background spectrum, any -
slight fluctuations in the power of the reactor will introduce a considerable error into the determination of
the number of tritons. In order to eliminate this kind of error, we modulated the thermal neutron beam.
The essence of the method employed lay in the fact that the beam of thermal neutrons was divided into pulses
of equal length by means of an interrupter, the rest of the radiation from the channel remaining practically
constant [7]. The mechanism of the interrupter was coupled to the analyzer through an electronic circuit;

on passing the thermal-neutron beam the analyzer recorded the mixed spectrum; and when the beam in

. question was cut off, the background spectrum was subtracted. The modulation frequency. could always be

chosen in such a way that changes in the reactor power during one period of oscillation could be neglected.

In the present investigation we used an AI-100-1 analyzer, the memory of this being divided into two
parts of 50 channels each on the principle proposed in [8], but with certain slight changes, With the beam
of thermal neutrons uncovered, the signals only fall on the main analyzer input and are entered into the
first 50 channels. With the thermal-neutron beam covered, -in addition to the signal applied to the main in-
put a pulse also passes to the memory-dividing circuit, and the second 50 channels are operated. The
modulation frequency is 50 Hz. At this frequency, any nonuniformity in the operation of the reactor may
be neglected. The modulation circuit proposed in [7] has the disadvantage that the spectra are still added
when the beam of thermal neutrons is incompletely covered. In this case a proportion of the useful pulses,
equal to the ratio of the time during which the beam is intersected by the cadmium boundary to the duration
of the modulation half period, is recorded in the background spectrum. In the earlier experiments [7], for
example, with a beam width of 0.3 cm, this proportion of the pulses amounts to more than 109 of the total
number. In our own modulation system, this disadvantage is ehnunated since no pulses are counted while
the beam is 1ntersected by the cadmium boundary.

The standard specimens were prepared in the following way. Epoxy resin ED-6 and glycerin with
LiCl - H,0 dissolved in it were mixed until a homogeneous mass was obtained, after which a hardener was
added (polyethylene polyamine)., The mixture was poured onto an even glass surface and held for several
days at room temperature. The weight of the mixture remained constant after hardening, so that the exact

lithium content was known. From the resultant plates we cut standard specimens of various shapes and
sizes,
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Results, It is clear from the derivation of Eq. (4) that the standard specimen and test sample should
have the same shape and size. We therefore plotted the relation between the number of tritons recorded
and the area of the standard specimens for a constant lithium concentration and a constant specimen shape.
In Fig, 1 curve 1 represents the relationship for circular samples and curve 2 for square samples. Each
sample was irradiated in a thermal neutron flux of ¢ = 108 neutrons/cm *sec for 5 min, The lithium con-
centration was Npj = 2.1-10% atoms/cm®.

We determined the lithium content in quartz plates. Figure 2 shows the mixed spectrum and the back-
ground obtained from a quartz plate irradiated for 12 min.. The calculated lithium content Ny; =1.13 - 1019
atoms/cm® (4.9 . 1073 wt. %), '

) The discrimination .threshold was established at the 1,5-MeV triton energy level. This level corre-
sponds to an @ particle energy of 2 MeV, since the light yield of the CsI(T1) crystal on excitation by «
particles is smaller than on excitation by tritons,

Table 1 shows the results of a ‘determination of lithium content in relation to area and concentration,
The error in the measurements is mainly due to the statistical error in determining the value of n;. The
error diminishes on increasing the measuring time and the area of the samples.

The method in question enables us to determine the lithium content of solids without breaking the sam-
ple, the sensitivity being 1074-5 -110”5 wt. %, depending on the density. Since the tritons recorded are formed
in a thin surface layer, the lithium content may be determined layer-by-layer, which is useful when study-
ing certain properties of solids.
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THERMONUCLEAR COMBUSTION IN A BOUNDED REGION

A. F. Nastoyashchii : '  UDC 533.9.08

In this paper we will discuss the possibility of thermonuclear combustion in a hot plasma having a den-
sity near that characteristic of a solid. Such a plasma could be produced, e.g., by heating a thermonuclear
substance by a pulsed laser or an electron beam. Huge fields — of the order of a megagauss and higher, and
which cannot at present be produced — would be required for magnetic confinement of a plasma having such
parameters, Attempts might be made, however, to prevent the rapid escape of the plasma by surrounding
it with a massive shell. :

In this case the thermal contact between the plasma and the surrounding walls will give rise to heat
leakage as a result of the thermal conductivity (and bremsstrahlung). On the other hand, a fusion reaction
is occurring in the plasma. The corresponding reaction heat evolved will tend to offset the heat loss. Ac-
cordingly, it is completely pertinent to ask whether a thermal equilibrium of a plasma with walls is possible
and if so under what conditions. This state of thermal equilibrium would have a quite long "confinement
time," required for nearly complete reaction of the thermonuclear substance.

Without taking up the practlcal questions associated with the technical feasibility of the correspondmg
experimental apparatus, we will study the necessary conditions under which steady states of a hot plasma
can in principle exist. For this purpose we consider the three simplest plasma configurations: an infinite
plane layer, an infinitely long cylinder, and a sphere, :

In these three cases the steady-state temperature field is described by the heat-conduction equation

el (enif) = -0
(Q=FQr—0Q1),

where S takes on the values 1-3 for the plane layer, long cylinder,. and sphere, respectively; Qy is the
rate of heat evolution per unit volume; Qm is the bremsstrahlung heat loss; and % is the thermal conduc-
tivity of the plasma: . ' :

(1)

Qp— bn? ( )2/3 ( )1/3 @
Qr=cnt (1) - @
n=pT"?, ’ ‘ (4

Here n is the plasma density; T is the temperature; and b,c, and A are constants which can be found in,
e.g., [1]. The numerical value of the constant B here is 1.8 times that given in [1].

In the heat source we will take into account only that part of the heat which is evolved during the de-
celeration of charged particles (reaction products), and we will neglect the neutron contribution. In this
case for the fusion reaction in an equal-percentage mixture of deuterium and tritium we have b = 1,1-10"20

erg:- cm3/sec

The function F = F(xl;)}) takes into account the circumstance that only s.ome of the evolved energy goes

into plasma heating for the case of characteristic plasma dimensions small in comparison with the range of
a's (d < la). :

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 43-47, January, 1972. Original article
submitted November 16, 1970.
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_ The o's lose energy primarily due to "cooling” in collisions with electrons, Here the « range depends
on the electron density n and temperature Ts
T3/2 .
la =0 -—, ' . (5)

n

3/2

where we are to set a = 3. 8 101 ¢m%/deg
At an electron density of n = 4-10% ¢m™ and temperature of T = 108‘_’K, the @ range is 1, = 0.95 cm,

We will assume that the shell has an infinite heat .capacity, so we can assume zero temperature on the
surface bounding the plasma. At the center of the plasma layer symmetry requlres that gradients vanish,
Accordmgly, the boundary condltlons on Eq. (1) can be written’

T oo =T |zea=0. (6)

Converting to the dimensionless variables & = xd~t, 9 =TA™! and assuming a power-—la'w temperature
dependence for the thermal conductivity, % = BTk, we can convert Eq. (1) with boundary conditions (6) to

&wﬁ“&mﬂ'—“%&m; : (7
Bt=0 =0 |e={ =0. ‘ ®

Examination of the structure of Egs. .(1)- (3) shows that the right side of Eq. (7) will depend on the
electron density and the plasma dimensions only through the combination nyds: 1
(k-+1) (ned)? ,
_SAT (F (8no d) gr—qrl] (9) i
(gr=Qn2, gr=Qqn’?),

q=

- where qF and g are functions of the d1mens1on1ess temperature §; ny = nlg = ¢ .is the plasma density at the
center of the layer; and d is the half-width of the layer. : '

This problem is apparently quite similar to the familiar problem of a "thermal explosion” in chemical
kinetics. In fact, there are significant differences, due to nonlinear thermal conductivity (4), which differs
from the Arrhenius conductivity by heat-evolution law (2) and the existence of volume energy-loss due to
radiation, As a result of the combined effects of these factors, a thermal explosion in its usual sense [2]
does not occur during thermonuclear combustion,

The steady-state temperature distribution satisfying Eq. (7) and boundary conditions (8) must be of the
form ' '

=0 (g» nOd)v

i,e,, it must depend on nyd as a parameter. There are no other parameters in this 'probiem. {

In order for there to be a steady-state solution, certain conditions must be satisfied. These conditions
must take the form of some dependence of the parameter nyd on the temperature 6, = o/ t=¢ |

ngd=1(0,). , (10)
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It is shown below that the function {(8;) reaches a minimum at some temperature §, corresponding to the
minimum possible value (ngd)ey; with ngd < (ngd)er a steady state is not possible.

The dimensions dgy calculated for the normal density of solid deuterium turn out to be comparable to
the @ range., We will accordingly consider two limiting cases.

1. In the first case of d<< ],, we can assume that the heat evolved is distributed uniformly throughout
the volume occupied by the plasma. Moreover, since the bremsstrahlung depends rather weakly on the
temperature, we can replace g7 in Eq. (9) by some average (_1T- The resulting error is quite low, since
the temperature changes little over most of the plasma because of the nonlinear thermal conductivity and
falls off sharply only in the immediate vicinity of the walls.

Replacing q(8) by q on the right side of Eq. (7) and integrating this equation through the use of bound-
ary conditions (8), we find a temperature field

hit—gr+t g 5T (11

2¢ ) '

Assuming 6 =0 at § =1 in this last expression, we find the necessary condition for the existence of
steady-state solutions:
1 9
T‘Zs_ eg+1

—1, (12

Using Eq. (9) for q, we can transform this condition to the form

o | .
@ (ned, 0y) = ququ =1, (13)
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3s Rl -
=B k+1 (ned)? * (14)

The quantity Qy = noqx represents the rate of heat loss per unit volume due to conduction, This loss
depends on the exponent k in the expression for ® as well as on the configuration of the plasma volume (s).

Figure 1 shows a typical & = ¢ (0,) dependence for a fixed nyd value. The intersections of the &(9,)
curve with the line ¢ = 1 correspond to steady states; if the curve maximum lies below the line, no steady
state is possible,

With nyd > (nyd)ep there are two possible states of thermal equilibrium, Here the equilibrium corre-
sponding to the left-hand intersection is unstable. In fact, because of the positive derivative of the function
®(0,), which represents the ratio of the volume heat evolution to energy loss from the plasma, the slightest
overheating of the plasma will result in self-heating. As a result the system should enter a new equilibrium
state, corresponding to the right-hand intersection, '

The characteristic transition time is

Lr | (15)

T .
T nl :

At a plasma density of n = 4-10%% ¢cm™2 and a temperature of T = 108°K, this time is T ® 5107 sec.
By way of comparison, we note that the total "burn-up" time of the mixture under these conditions is. 7~ 10-8
sec. '

A thermal equilibrium cannot be reached with nyd < (nd)s, and the plasma quickly cools. The corre-
sponding cooling time* is TX ~ d? n/® ~ 1078 sec withd ~ 1 cm.

According to the theory for a thermal explosion [2] with d < d,, on the other hand, a steady state is
reached, and with d > d,,. the temperature of the reacting mixture increases without limit (a thermal ex-
plosion). This discrepancy arises because in the thermal-explosion problem the corresponding function

$(0y), if plotted on the basis of the Semenov diagram, would have a minimum at some point 6,ip (in con-
trast with the case under consideration here), .

Flgure 2 shows temperature dependences of nyd found under the assumptlon of a spatially homogenous
heat source qi. The function F is assumed given by

d

F=1—e ‘o, _ (16)

We consider three different cases corresponding to the different curve labels in Fig. 2: 1) the heat
is transferred by electrons, and we have ® =n,; 2) heat is transferred by ions (the electrons are mag-
netized), and we have % = %j; 3) the thermal conductivity if formally set equal to zero (there is no thermal

*Here and below, all the calculations correspond to the normal density of solid deuterium, with n = 4 -10%
em™? and T = 10*°K :
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contact between the plasma and walls), and we have ® = 0. Here the second case corresponds to the ap-
plication of a magnetic field of 3-10° G < B< 2-10% G, The third case should be treated as purely hypo-
thetical. :

2, In the other limiting case of large plasma dimensions (o< d), the heat evolu.tion can be assumed
local and dependent on the local temperature. The corresponding problem is solved numerically; Fig, 3
shows temperature dependences obtained for nyd. :

In the transition region (d ~ 1) the results of the numerical calculations are in satisfactory agreement
with results of the preceding model and with the results of [3], obtained by reducing to the problem to the
thermal-explosion model [2]. ‘

Figure 4 shows characteristic temperature distributions which arise in the stable plasma state. The
temperature is seen to change relatively slowly over most of the gap and to fall off rapidlytozeroasé—1,

At a low-temperature thermal equilibrium we observe oscillations in the temperature distribution,
These oscillations are damped as the average plasma temperature is raised. The oscillations are expressed
most clearly in the spherical and cylindrical cases, The oscillations arise because in this temperature
range the heat-source function may change sign,

Table 1 shows dgy values for the normal density of solid deuterium: n = 4:10% em™, With ® = %
and ® = 0, we can assume dey < l,. At " =Yg, we have der ® I, so Table 1 shows d,;. values obtained
through the use of function F. ’

) In the absence of a magnetic field, therefore, and at densities nearly equal to those characteristic of
solids, a thermonuclear plasma may reach thermal equilibrium if the volume it occupies is greater than
about 3 cm?,

The minimum energy required to initiate (or ignite) a self-sustained fusion reaction in a sphere is
_ (rod)er __ 2
W =4nl —5= = Ws(ns)/o,
()

where o = no/nN is the degree of compression (with respect to the normal density nyy of the solid deuterium
—tritium mixture). With ® = %; and 0 ® 3-4 the compressional energy is W = 100 kJ.,

In superintense fields (B > B, = 2 MG), in which the curvature of « trajectories by the magnetic field
becomes significant, the critical dimension d;,. is proportional to the Larmor radius, so the ignition energy
should fall off according to a W = W*(B*/B)3 law.

We can draw the following conclusions from this discussion.

1. A thermonuclear plasma with confining walls can reach thermal equilibrium only under the con-
dition (nyd) = (nyd),,; otherwise the plasma cools rapidly.

2. With (ngd) = @myd)cy, two thermal-equilibrium states of the plasma are possible — at low and high
temperatures. That at low temperatures is unstable: the slightest overheating of the plasma leads to its
subsequent self-heating.

3. The energy required to ignite the thermonuclear reaction can be reduced by inereasing the density
of the thermonuclear material and by imposing a sufficiently strong magnetic field.

Note Added in Proof. After this paper had been submitted, the author learned of [4], which deals with
the thermal equilibrium of a gaseous cylinder of a thermonuclear plasma (with n ® 101-1017 ¢m™) under
the assumption of an & range small in comparison with the system's dimensions.

The principal difference between our results and those of [4] is due to the account of the finite « range,
which results in solutions of different nature. In particular, in our case solutions of the oscillatory type
disappear; two states of thermal equilibrium at different temperatures are possible; etc. These differences
are particularly important when a magnetic field is imposed (for at % = 0 the critical dimension remains
finite), :

In a comparison of our results obtained for the cylindrical case under the assumption lg =0 (curve 2
in Fig. 3), it should be taken into account that at our plasma parameters m = 10% e¢m™), the Coulomb log-
arithm is roughly half that in [4], '
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The possibility of a thermal equilibrium in a thermonuclear plasma with confining walls was also
discussed in [5], in which the radiation losses, however, were not taken into account,
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RADIATIVE WIDTHS OF U23% NEUTRON RESONANCES

Kh., Malétski, UDC 621.039.512.26

I. M. Salamatin,

L. B. Pikel'ner,
and E. I. Sharapov

U8 neutron resonances have been studied in a number of laboratories [1-3]. This nucleus is of in-
terest because it enables one to obtain a strength function and the distributions of reduced neutron widths
and level spacings. S neutrons excite a system of spin 1/2 levels in U?®® with a mean spacing of D ~ 18 eV,
which is convenient for observation. In addition the value of uranium in reactor engineering must be taken

U8 resonances.

fective cross sections,

neutrons in U8,

tor,

into account, ' , !

Interest in U8 was renewed with the appearance of [4} devoted mainly to the radiative widths Fy of : |
Values of PY for individual levels reported earlier [5, 6] did not, as a rule, differ from
the average of ~ 24 MeV by more than the experimental error,
nuclear explosion in the United States and reported by Glass et al. [4] gave values of Ty
ber of levels in the energy range up to 2 keV which are significantly different from those reported earlier.

Figure 1 shows the data of [4] in the energy range up to 1.4 keV. The values of T'y vary periodically
with energy from 12 to 33 MeV in this energy range as shown by the broken curve in the figure.
al, class this behavior of I, with other known facts as a manifestation of intermediate structure in the ef-
These results raised a doubt as to the validity of the statistical approach to the
total radiative widths of levels of compound nuclei, |

Because: of the importance of the question we measured the transmission and radlatlve capture of

The measurements were made at the IBR pulsed reactor with a linear electron accelerator as injec-
For a flight path of 500 m the resolution was 6 nsec/m. The samples were discs of natural uranium
metal having diameters of 160 mm (radiative capture) and 190 mm (transmission).
measured in three samples 1.4 and 12 mm thick, and radiative capture was measured with a sample 1 mm

Measurements made during a subterranean
for a large num-

Glass et

The transmission was

thick (n = 4,8 -10% nuclei/cm?). A sectional liquid scintil-

o rrrTTTr 17T lation detector of about 250 liters volume having a cylin-
MeV ' x drical channel along the axis of the neutron beam was em-
/ ,f' \ e ployed as a radiative capture detector. The sensitive vol-
0 \\ ume of the detector consists of six symmetrically placed
,’ \\ sections with the lateral planes parallel to the axis of the
\ oy beam. The detector electronics permits sorting of pulses
20r S VY e 'k X from each section lying above a specified threshold, re-
x \ 7 x 17 XX cording of the composite pulse from all sections, or count-
v/ x || ,/ * x ing double or triple coincidences involving any sections.
. X xX X )
10 2;]0_' L 5}]0 . 70‘00 . L Y An important problem in the measurement of radia-

£ev

Fig. 1. Radiative widths of U%® resonances
as a function of neutron energy: x) data
from [4]; broken curve drawn by Glass et

al. [4] for convenience of discussion; ®)re-

sults of present work.

”{ﬁ.giL}ﬂ
\A

tive capture is the accurate determination of the product of
the neutron flux P(E) and the efficiency of the detector in
counting neutron captures &y which appears in the expres-
sion

T .
ENi=P(E)evTvA. (1)

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 49-51, January, 1972.

submitted March 3, 1971,

Original article

N. Y. 100!11.

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
All rights reserved. This article cannot be reproduced for any purpose whatsoever without-
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 2. A portion of the spectrogram of radiative capture of neutrons obtained with a

uranium sample 1 mm thick. The numbers above the resonances are the energies in

electron volts,
Here Z Nj is the sum of the detector counts over a resonance, corrected for background; F’Y and I are the
radiative and total widths of the resonance; and A is the area of the resonance dip in the transmission
curve, In our case we had to be sure that £y did not vary from resonance to resonance, To test this we
made measurements under all the conditions mentioned above and compared the ratios of the areas of the
resonances in the various cases, Since the softening of the spectrum, i.e., the increase in the multiplicity
of gamma photons in cascade, leads to an increase in the efficiency of counting captures in the coincidences
mode with a low threshold, while the counting efficiency in individual sections with a high threshold (3 MeV)
is lowered, the ratio of the areas of the resonances under such conditions is a sensitive indicator of the
change in character of the spectrum. In our measurements these ratios remained constant from resonance
to resonance w1th1n the limits of statistical error (~ 5%) so we can say that the detector efficiency is con-
stant.

Figure 2 shows a portion of the U8 spectrogram obtained with an (n,7) detector in a double coinci-
dence arrangement. The level between resonances is due mainly to the intrinsic background of the detec-
tor and to the gamma activity of the sample, The energy dependence of the flux was obtained from mea-
surements with a thin boron counter, and the absolute calibration of P(E)e, was accomplished by determin-
ing the quantity A from the transmission for resonances with I'y < T, for which the ratio L /T in Eq. (1)
is almost independent of the assumed values of 'y and Iy, . For cahbra’uon we used those resonances for
which the values of I';, in the literature are in good agreement with one another and with our data from *
measurements of the total Cross sectlon

The transmission was measured with the same detector but the uranium sample in the detector was
replaced by a set of samples having large capture cross sections alternating with thin layers of moderator.
Cadmium, rhenium, tantalum, and rare earth elements were used as capturing samples.

The transmission curves were processed by using the area method and.taking account of the interfer-
ence of resonance and potential scattering. The resonance parameters obtained by combining the data on
transmission and radiative capture are listed in Table 1. For resonances in which I}, > L, the main source
of information on I‘.Y is the measurement of radiative capture, as was shown in [7]. When necessary a cor-
rection was introduced for the capture of neutrons after scattering,

Table 1 shows that the radiative widths are nearly the same for neutron energies up to 1200 eV, The
mean value fy = 24 MeV and the deviations from the mean barely exceed the experimental error which is
about 109 for most resonances. An increase in the accuracy of the measurements might possibly show
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TABLE 1, Parameters of U® Neutron Resonances

Ey, eV r,, MeV r,. MeVv ' Ey, eV ' T, MeV Ty MeV
66 0,1 24+1,5 2542 621409 33410 2443
80,7+0.1 2,2+0,2 629+0,9 T+1
102,4 +0,1 70 £3 26 +2 662-+-1 150420 © 2242
116,9 0,1 2243 2342 6941 40410 2442
145.84+0,1 0.84+0,06 70941 2043 2633
165,4+0,1 3+0,3 733+1,1 3,5+0,6
189.,510.2 164°€5 2242 7671,2 71
208,440,2 48 +2 26+3 7924-1,2 6-+1 ’
237.6+0,2 2743 26+3 822+1,3 66-+16 24-+3
273.91+0.25 - 22.+3 2543 853-+1,4 26-3
291,2 +0,25 16,4 +2 2342 857+1,4 25-+3
311,7+0.3 0.9+0,1 869+-1,4 d+2
348.1+0,35 78 +10 2242 907+1,5 40410 2543
377104 0 9]:0 15 939+4-1,6 120420 24+3
398,1+0,45 4.7 +0,5 960+1,6 130-+-20 © 2243
410,7 +0,45 2043 25+4 994+1,7 2743
434,610,5 8+1 102612 842
464,140,55 54+0,5 R . 10572 90-+30 22+3
479,440.6 3.5+0,5 ) 110042 2543
519+0,7 42 46 23+2 114242 ) 2613
536,24+0,7 35 +£15 2342 1470-£2 2343
580,7+0,8 3616 2342 1179+2 ’ ’ 2243
594,84-0,8 93 +10 2442 119742 26+4

small fluctuations in FY but in any case Fig. 1 shows that the fluctuations reported in [4] are clearly not
real. The mean value I'y, = 19 MeV obtained in [4] is also a considerable underestlmate

We previously reported the main results on the radiative widths of U®8 [8], and the data of the Belgian
. group [9] published at the same time are in good agreement with ours.

In conclusion the authors thank T. 8. Afanas’evoi and N, T. Khot'ko for help in performing the mea-

surements,
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ABSTRACTS

VARIATIONAL COMPOSITE METHODS OF CALCULATING NEUTRON
DISTRIBUTION IN NUCLEAR REACTORS

I. 8. Slesarev, A, M. Sirotkin, UDC 621.039,5/6
and V. V, Khromov

The variational approach has broad possibilities for the creation of composite methods which, in cal-
culations of physical systems, allow the simultaneous use of approximations of different orders within the
scope of one method or the application of several different methods at once in an arbitrary combination of
their approximations. '

The variational formulation of the problem usually consists of the construction of a functional for which
the equation under examination is a Euler— Lagrange equation.

A one-velocity kinetic equation in plane-parallel geometry was used in the study, and the functional
Fy, stationary for the solutions of the initial equation and equal to the quantity k¢, was examined. The
fact that ¥y allows the use of discontinuous trial functions is significant.

A sufficiently general approximate representation of the desired solution in the geometry examined is
N@) .
Pin (2, 0y~ D) 0h (W el (@), (1)
n=0

willl(ere ik is the number of the phase space region for the variables x and i4; Q%l is some known polynomial;
a, is the desired function; N is the number of members in the series, which depends on the number i of
the physical zone,

Many approximation methods may be obtained through the variational method, if trial functions are
used which are a particular case of (1) and satisfy the restriction that Fy be stationary.

It is shown that the functional examined is suitable for the derivation of the equations for DPy, S, and
of other methods, ' '

Since Fy allows the use of all kinds of trial functions, having the form of (1) in different zones of the
reactor or of another physical system, all "matching" conditions for equations for a broad class of approx-
imation methods are obtained from a single principle — the need for the functional F; to be stationary.

The extraction of matching conditions at the boundaries of zones where the change of method or num-
ber of approximations takes place is the important step in the derivation of the composite methods equations.
Matching conditions of a general type, which are suitable for combinations of many existing methods, were
formulated in the study. '

Equations and matching conditions of certain variational composite methods ~ DPy-DP,, DP, -5,
Sn-Sm (the indices n and m indicate the possibility of using different approximations in neighboring zones
of the system) — were presented as concrete examples,

The DPy-DP,, method was verified in calculated investigations of the quantity keff and of the neutron
distribution in a multiregion heterogeneous multiplying system, The results of the calculations, which are
presented, demonstrate the flexibility of the method and its high degree of accuracy, together with a sig-
nificant decrease in the extent of the computations, This decrease is due to the reduction in the order of
the approximations for the DP,, method in those zones where this is warranted a priori from physical con-
siderations.

Translated from Atomnaya f]nergiya, Vol. 32, No. 1, p. 53, January, 1972, Original article sub-
mitted September 22, 1970.

© 1972 Consuliants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. Al rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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RADIOACTIVITY OF METAMICT ZIRCONS

I. M, Lipova and G. A. Kuznetsova UDC 553.494:539,16

Interpretation of the nature of the metamict state in minerals is one of the urgent problems in current
mineralogy. The most popular relevant viewpoint on metamict minerals sees them as primary crystalline
substances coverted to an amorphous form under the influence of radioactive radiations emitted by uranium
and thorium incorporated in the minerals,

Zircon is a most abundent accessory mineral, and.an important industrial source of zirconium, and
is known in nature in both crystalline and metamict states. The role played by radioactive radiation in met-
amict decay of a mineral was studied in tests run on a series of zircon specimens (incorporating zircon per
se, cyrtolite, malacon, alvite, naegite, etc., comprising a continuous series from crystalline to complete

" x-ray amorphous differences). The way the uranium and thorium contents, the a-activity, the total a-ex-

posure-dose vary, the forms of occurrence of uranium and thorium, and the distribution of uranium and
thorium in the minerals, were studied.

Specimens of zircons from various types of geological formations existing in the USSR and in foreign
countries were investigated. The entire series of zircons was arbitrarily broken down into three groups
on the basis of the number of reflections on the Debye powder diagrams: crystalline, semimetamict, and
metamict,

The uranium content was determined by the luminescent method, and the thorium content was deter-
mined colorimetrically, using arsenazo-III reagent, The a-activity was measured in a thin layer of the
specimen applied to the substrate, with a scintillation counter and a PS-10,000 scaler used in the measure-
ments. The total a-exposure dose was calculated by multiplication of the a-activity by the absolute age of
the mineral.

The uranium content and thorium content in the zircons increase from the crystalline differences (hun-
dreds of a percent of uranium and thorium) to metamict differences (whole percents of uranium andthorium),
But no exact quantitative relationship linking the degree of x-ray amorphousness of zircon and the content
of the radioactive elements (uranium and thorium separately, or their sum) was observed,

The thorium/uranium ratio is determined by the genesis of the rocks. As a rule, Th/U > 1 in zircons
from pegmatites of alkaline granites, alkaline syenites, nephelin syenites, greisens, albitites bound with
alkaline rocks, and hydrothermalites of alkaline composition, and usually the ratio Th/U < 1 in zircons
from granites, granitic pegmatites, and apogranites.

The degree of x-ray amorphousness of zircon tends to increase with increasing total dose of uranium
and thorium a-emission: in the case of crystalline zircons n 104 @/mg, in the case of sem1metamlct zir-
cons n 10'° o/mg, and metamict zircons n 10617 o/mg.

Uranium and thorium are represented as both by the scattered or dispersed form and by microinclu-
sions of radioactive minerals. The latter are syngenetic in rare instances, but more often epigenetic with
respect to the zircon, When the content of inclusions of uranium and thorium minerals is high, the direct
relationship between the degree of x~ray amorphousness and the o-radiation dose breaks down,

Dispersed uranium is unevenly distributed throughout the volume of the minerél (microradiography).
Portions with a higher density of a-tracks correspond to the optically isotropic phase, and portions having

" a lower track density correspond to the anisotropic phase of the mineral. These data are confirmed by the

microprobe method.

The maximum uranium content in the specimens investigat:ad was detected in Japanese naegite (6.669%
U304 in the transparent fraction of the mineral containing no microinclusions when viewed in 497-fold mag-
nification). All of the uranjum seems to be included isomorphically in the structure of ZrSiO, (4 'mole %
uranium). Naegite is the most deeply metamict of the whole series of zircons investigated.

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 53-54, January, 1972, Original article
submitted March 23, 1971, » ’
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MONTE CARLO CALCULATIONS OF CHARACTERISTICS‘OF
SECONDARY ELECTRONS KNOCKED OUT FROM VARIOUS
MATERIALS BY ¥ ~-RADIATION* ‘

V, V, Smirnov and A, V, Malyshenkov UDC 539,124,17

Energy spectra, angular distributions, and quantum yields of secondary electrons knocked out by Y-
radiation from aluminum and copper targets of different thicknesses were calculated by the Monte Carlo
method. In the region of energies of interest (0.4 to 1,3 MeV), production of electrons in the irradiated
material was due solely to Compton scattering and to photoelectric absorption of the Y-emission. Values
of the energies and directions of escape of the Compton electrons were calculated on the basis of the Klein
— Nishima formula. The pattern of angular distributions of the photoelectrons was obtained on the basis of
tabular data compiled by Haltberg. The target-depth distribution of the electrons formed was assumed uni-
form.

In dealing with the motion of an electron through the material, the entire path traversed by the elec-
tron from the point of origin to the target boundary was broken up into discrete segments within which the
electron energy losses were determined according to Bethe— Bloch theory, and the angular distributions
were estimated in conformity with Mollier theory, . :

_ As a result of these calculations, the energy spectra, angular distributions, and quantum yields of
secondary electrons knocked out by the Y-radiation of the radioisotope isotopes of Co®?, Cs!37, and Aul®
from aluminum targets 0.1 Ry and 0.6 R, in thickness were determined (R, is the total range of the electron
having the highest energy). The quantum yields of the secondary electrons knocked out of an aluminum tar-
get of equilibrium thickness (0.6 R,) by Y-radiation emitted by Co®, Cs®¥7, and Au!®, in the forward direc-
tion (0-90°), was, respectively, 8.0, 3.0, and 1.1 in units of 10'.3 electron photon, and respectively 0.25,
0.20, and 0.06 in-the same units in the backward direction (30-180°)., Comparison of the calculated energy
spectra, angular distributions, and quantum yields of secondary electrons knocked out in the forward direc-
tion and available experimental data indicated agreement within 109,

The calculations of quantum yields of secondary electrong for targets of various thicknesses (alumi-
num and cdpper targets) indicated that the relative yield of electrons for a given thickness expressed in
terms of a fraction of Ry, and the atomic number of the target, is independent of the energy of the incident
Y-photons. The relative yields of secondary electrons in the case of aluminum and copper targets of dif-
ferent thicknesses were approximated by empirical formulas which were in agreement with the experimen-
tal data to within 5%.

THE KAON FACTORY — A TWO-STAGE (~ 3.7 GeV) ISOCHRONOUS
CYCLOTRONTY

L. A. Sarkisyan . UDC 621,384.633.5

Ma‘ny'research centers are carrying out investigations into the creation of "kaon factories," that is,
accelerators aimed at producing 3-7 GeV protons with an average beam current of the order of 100 uA.
Tables 1 and 2 indicate possible parameters for three versions of a cascade-type isochronous cyclotron pro-
posed by the author in 1970 {1, 2].

*Translated from Atomnaya Energiya, Vol. 32, No. 1, p. 54, January, 1972. Original article sub-
mitted June 23, 1971, .

tTranslated from Atomnaya Energiya, Vo . 32, No. 1, pp. 55-56, January, 1972. Original article
submitted May 3, 1971; revision submitted August 2, 1971, '
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TABLE 1. Parameters of ~ 2.7 GeV Three-Stage Cyclotron System

Stages of l . [ (Wi teVs
cyclotron .Ho , Oe N i.cm G, Q. T'oe: CIM e €M Ty CIT £ K MeV
system | GeV | /rev’
First 1 6000 8 |8 0,2 ~1<<0, <2 n21 ~0 Ao (.,281 0.8 1
Second 3000 12 14,1 0,65 ~ 1,86 <Q, 3| 1042 900 980 0,67 1,7 2.5
Third 2000 16 | 33 0,65 2.86 < Q, <4 1563 1474 15114 1,.5 2.7 4.5

Note: Notation same as in reference [2],

TABLE 2, Parameters of Second Stage of Cascade, ~ 2.7 GeV and ~ 3.7 GeV

Stages of . i ) w. . eV,
cyclotron |Hg, Oe N Z,cm Q, 9 Toor CIM TwCcm| T Cmof o Ey K’ IMev
system |GeV  |/rev
Second 2000 | 16 |33 0,85 ,86 <L Qr < 4] 1563 1320 1510 1,3 2,7 6
" 1300 20 36,5 | 0,65 186 < Qr <5 2405,6 2024 2354 1,39 3.7 8

The present article studies transit through linear resonances in a cascade cyélotron The increase
in the amplitude of radial oscillations after dynamic transit through the most dangerous 1ntegra1 resonance
was calculated on the basis of the equation

' 9 ?
p= SH I:cosScpS cos (-é—'(p%) dg;+ sin S¢ S sin (-xz—’qﬁ) dq);] ,
0 °

where Hg and S are the amplitude and number of the lowest harmonic of the field; H is the average field; r
is the orbit radius; ¢; is the variable phase; X, = er/d(P|¢=0 ~ eV /27E,.

Assuming that the peak increase in amplitude following transit of the integral resonance is 2 ¢m, the
tolerance for the lowest harmonic of the vertical field component in the second cyclotron, in the case of a
three-stage cyclotron system, is H, = 0.55 Oe, while the H; = 0.45 Oe in a three-cyclotron system. Toler-
ances on the field harmonics in the second cyclotron of a two-stage cyclotron system with cyclotron ener-
gies 2.7 GeV and 3.7 GeV are respectively: H,= 0,19 Oe, Hz = 0.53 Oe, and H, = 0.13 Oe, H; = 0.26 Oe,

Hy = 0.44 Oe. In the case of an uncompensated field harmonic ~0.15 Oe, the total increase in the amplitude
of the radial oscillations in the three~stage cyclotron is ~ 1.3 ¢cm, in the two-stage cyclotron ~ 2.5 cm and

-~ 4 cm, which is acceptable.

The indicated tolerances on the lower harmonics of the field in zones of integral resonance can be

-achieved in two stages. The harmonic can be corrected to within 1 Oe or less [3] during the magnetic mea-

surements by using a harmonic coil and independently adjusting the amplitude and phase of the harmonic.
Later on, the results of measurements taken with profilometers of the radial shape of the beam before and
after the transit through resonance (in pulsed mode) can be used during the starting and adjustment of the
cyclotron, and the harmonic field can be corrected to a permissible value with the aid of the harmonic coil.

Tolerances on the first harmonic of the vertical component of the field in the zone of an integral res-
onance @y ® 1, r ¥ 200 cm) in the Vancouver 500 MeV H™-meson factory was assigned the value H; = 0,12
Oe (4] as the amplitude of the radial oscillations increased by 0.4 cm and eV = 400 keV/revolution. The
tolerance on the first harmonic of the radial field component in the zone of the integral resonance @, = 1,

r &~ 450 cm) is 0,7 Oe in the case of the Ziirich 590 MeV meson factory, as the amplitude of the axial oscil-
lations is increased by 0.5 cm and eV = 2.4 MeV [5].
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THERMAL STABILITY OF ANHYDROUS URANIUM TRICHLORIDE

V. V. Rachev, L. A. Tarasova, . UDC 543.226:546.791
and A, I, Pavlova-Verevkina

Views differ on the thermal stability of UCl [1-3]. With the object of securing more precise informa-
tion on the behavior of UCl; under vacuum heating conditions, and the reasons for the formation of UCI,,
x-ray structural analysis was applied to the study of the phase composition of all the sublimation products
" of UCl; and of the nonsublimating residue over the temperature range 750-950°C and vacuum range 108
to 107° torr. The design of the equipment was such as to eliminate any possibility of contact between the
degassed parts of the evaporator assembly, the initial and final sublimation products, with components of
the air. The initial UCl; preparations contained 96-98.5% of the base material and impurities of either 4%
U0, or 1,5% UOCL.

The volatile fractions were unambiguously identified as UCl; and UCl,. The following were detected
in the residues after sublimation: a-phase of metallic uranium; alloy Y-U- Mo with cubic lattice constant
a=3,412 = 0,06 A monooxychlorlde of trivalent uranium (UOCI) with the tetragonal un1t cell parameters
a=4,036 A4, c=6.882 A uranium dioxide (UOZ) with the cubic cell parameter a = 5,470 A an unknown
phase with the cubic cell parameter a = 4,95 A, This phase is assumed to be the solid solutlon U(Ol-x—y
NxCy).

Over 50% of the UCl; present sublimates in unaltered form, no matter what the experimental condi-
tions. Formation of UCl, in the sublimation process is determined by side processes whose chemical mech-
anism can be represented by the parallel competing reactions:

' 40C13>U+3UCl;
U0,--2UCl3»2U0CI4-UCl ,;

3UC13+102—>U0C1—'—2L‘C14;

LOCI+L013+ 7010, +UCL,.

The presence of U(Oy__N,C,) is probably due to interaction of the metallic uranium formed in dis-
proportionation with the residual gases in the system, with the uranium performing the role of getter. An
important practical consequence on the confirmed preferential sublimation of UCly in unaltered form as it
is heated in vacuum is the possibility of using vacuum sublimation in the preparation of UCly of special pu-
rity. Thedecisive factor here is careful protection of the original product and arrangement from contact
with constituents of the air, oxygen in particular,
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S. A, Shukarev, I, V. Vasil'kova, and A, I. Efimov, Zh. Neorgan. Khim., 1, No, 12, 2652 (1956).

3. J. Katz and E, Rabinowitch, The Chemistry of Uranium [Russian translation], IL, Moscow (1954),
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~ Translated from Atomnaya Energiya, Vol, 32, No, 1, p. 56, January, 1972, Original article sub-
mitted May 20, 1970; abstract submitted October 18, 1971,
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LETTERS TO THE EDITOR

ADJOINT REACTOR KINETICS EQUATIONSf DELAYED NEUTRON CASE

V. V. Orlov , ' . UDC 621,039,512

The extension of the theory of neutron worth to nonstationary and nonhomogeneous problems [1, 2] was
attempted without taking delayed neutrons into account. But they can be taken into account only if we intro-
duce, in addition to the neutron worth F+(r v, t), the worth of the fragments actmg as sources of the i-th.
group of delayed neutrons C+(r, t) with respect to some functional: :

'Jp=5 drdvdtF (r, v, t) P (r, 0, 1).
Then Cf(—f‘ t) will be equal to Jp, if one fragment of the i-th kind is introduced at point T at time t. Taking
the physical meaning of C;’ as point of departure, we can then find the equation for that function.

Let N fragments of the i-th kind be placed at point r at time t, Then their total worth will be NC (r,t)
= Jp. If we now select out a small time interval At after t, we can state that Jp is equal to the worth of
neutrons generated from fragments in the time At, plus the worth of the fragments remaining by the time
t + At

NCE @, 6= NAAL -41? g Ak; (0) F* (7, 5, 8) = N (1 —A3A8 CF (F, 1= AQ).

Expanding this into a series in At and retaining first-order terms, we can obtain equations for C;(r, t).

In addition, delayed neutrons have to be taken into account in the equation for F (? v, t). Continuing

" the discussion in {2}, we find that they produce NvAtYEeB; fragments of the i-th kind in a time At after N

neutrons arrive at point r with velocity v, and the worth of each of them is C+(r t).

As a result we obtain the following system-of equations for the worths F, C+ which becomes, in the
usual notation, »

1 9F+ . vE 0 o= I
'—7‘7+L+F++—Zn—f25i \ dv'FHly = vE 2 BiCH--P(r. v, 0);
i * i : :
act
a

_xic?+—4}—‘%g dv Fry . ' L (&Y

' Treating this system as an equation for the "vector" F(r, Cf, ct,.. CK), B P, there is little
difficulty in establishing its Hermitean conjugacy with respect to the basic system of equations of kinetics -
for the "vector" F(F, Cy, Cy, ..., Cy) (here F is the neutron flux, and Cy, Cz, ..., Cp are the concentrations
of the sources of delayed neutrons) : :

1 E ﬁt}’z

- —+L1 +

S do' FyvSy= 7;— Z MCixi W) +Q (7, 1, 1) @
aC;

Wz ’—kici—%--ﬁ,- S dU—F’VZf.

Here L is the operator of the stationary transport equation (and 1" is the operator adjoint to it):

ﬁﬁ‘z—Z—VF+ﬁ‘2— gdv F3s(v' —v)— ("’ S dv'Fvs

Translated from Atommnaya Energ1ya, Vol, 32, No, 1, pp. 57-58, January, 1972, Original article
submitted February 15, 1971,

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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and the fission-neutron spectrum

1) =1—B) 1o @)+ ) Brns (v),
where X, and X; are the spectra of the prompt and delayed neutrons, respectively. Equations (1) can also
be derived by a formal conjugation operation applied to the system of Eqs. (2).

Equations (1) and (2) can be solved by resortmg to an eigenvalue series expansion. With the substitu-
tion into the homogeneous systems (1) and (2) of

F(r, v, ) =g (r, b) e, C; (r, )=Ci {7) &*

.- . . 6
) F+(r, v, t)— ®ge %t and CT:Ciu.’ (Ne~®'t
we find, for the eigenfunctions of the system of equations (cf.[3]):
> ik " )
7 a i ) O .
L‘Da"r"u—(pa‘*‘ ’4 S A D vy = —47{2 AYiCias (9
(o -+h;) Cig =P f oDV g
T o’ N - Sr - N
L @+ L BB | 0= vy B Bichs : (5)
. co ) T

(' = hg) Chor =[7"— S do®k ;.

Eliminating Cj, and C1 o' in systems (4) and (5), we obtain the equations for the harmomcs @, and

;., directly: ,
o i - o
Lo, ———a)a»rﬁz a_ﬁf“ Y S Ao vy =0;
+ @ CC’VA,/ i . D — : :
Lk 2 ek St Dt S WDEY; =0,

2

It is readlly seen that the functions ¢, and @ay exhibit the orthogonality property. If we reconsider-
systems (4) and (5) as vector equations xF =0 and .Z+F + = 0, and multiply the first of them (as a scalar
product) by Fav (@41, 101')’ and take the scalar product of the second by Fyp(%,, Cjy), and subtract them
(the scalar multiplication operation on the vectors includes summation with respect to the subscrlpt i, with
® = C, assumed), we find that when o = o'

_ ) fis)ol
5 dr [S dv—°‘+Ti+z cmC?a']=0,
i.e., the total worth of the neutrons and fragments of the a-th harmonic with respect to the a'-th harmonic

is zero, and the harmonics are independent. The orthogonality condition for the harmonics of the neutron
flux is found to be as follows: ' ‘ L : '

S ar ds Da [ w25 Z - A’;Pr; T YdE’XiIDZIJ.;,-O. (7

For simplicity, we retain here only the real and simple eigenvalues. The analysis of the solutions
and spectral properties of the equations may be found in [4]. ‘

Functions &, which take into account both the discrete and the continuous portions of the spectrum,
may provide what we would accept as a more natural basis for the solution of neutron kinetics problems by
eigenfunction expansions than the "quasistationary" functions

Ly + - 9 =0, (8)

resorted to by Pupko [5]. A certain artificiality noticeable in the selection of those functions for problems

where delayed neutrons are taken into account cannot helpbut lead to a number of complications (interde-
pendence of the harmonics, representation of time-exponential terms in other than finite form, in the form
of series expansions in powers of the functions ¢, and so forth),
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The author acknowledges his indebtedness to V, Ya. Pupko, S. B. Shikhov, A. G. Shokod'ko, and -
G. Ya. Rumyantsev for most helpful counsel and discussion,
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A NEW PROCEDURE FOR MEASURING THERMAL COEFFICIENT
OF REACTIVITY AND WORTH OF CONTROL SHIM RODS IN
THE IGR REACTOR '

V. D. Lavrenikov S o '~ UDC 621,039,522

The IGR reactor is a homogeneous uncooled uranium— graphite reactor [1]. Because of the absence
of metallic structures, the core of this reactor can be heated to a rather elevated temperature (~1400°K).
The reactor is operated in two basic modes: a pulsed mode and a spiking mode. The spiking mode is an
uncontrolled mode, the basic parameter being the initial reactivity. As a result of the introduction of ex-
cess reactivity generally in excess of the fraction of delayed neutrons, the reactor power level rises to
some maximum value, and then decays as the core heats up (the reactor has a negative temperature coef-
ficient of reactivity). '

N The pulsed mode is a controlled mode of reactor performance with a duration of 10 to 100 sec. The
initial stage of this mode includes a specially selected spike with peak power slightly below the peak pulse
power. A graph of the pulse shows a variety of pulse shapes: triangular, or various types of trapezoids.
Near the top of the spike the shim rods are energized automatically, and these rods keep the power level
subject to a prespecified law, Whatever the shape of the pulse these rods are constantly in motion, so that
the negative reactivity appearing in response to heating of the reactor stacking is compensated,

The maximum temperature of the stacking is limited by the excess reactivity, so that the amount of
heat generated in a pulse is likewise limited, Since dynamic measurements of the core temperature during
the pulse are difficult to achieve, and the integrated current of the ionization chambers is proportional to
the amount of heat released, we introduce the concept of the thermal coefficient of reactivity [2]:

v (J)=0r/dJ, (D

-/}70/, / MW.sec

4, Mw : . X, M 1
150 0
212 2
X ° 3
100 50 4
7 Xé / / /
<] \ok%é g
> -
5 (O 00 e {
()
] 14 500 1000 7500 2000
J : J, MW+ sec
. 750
0 50 700 150 t sizo Fig. 2. Thermal coefficient of reacti-
7 N . . .
4 _ vity (O indicates operational measure-
Fig. 1, Spike pulse, ment; 1-9 are spikes).

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 58-60, January, 1972. Original article
submitted December 16, 1970, '
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Fig. 3. Worths of control rods in cold reactor [1] and during spike process [2] (O indicates
operational measurement), .

&
N

Fig. 4. Operational measurement of thermal coefficient of reactivity and of worth of shim
rods.

where r is the react1v1ty in fractions of Beff’ J is the amount of heat released, in MW.sec. The worth of
the shim rods

) (2) = dr/oz, ‘ 2
where x is the position of the rods in the core, in cm.

When investigating the dynamics of the IGR reactor, we have to know the parameters?y (J ) and zP(x) as
accurately as possible, since the total reactivity is

J x
r=r0—i—Sy(J)dJ-{-Sxp(x)dx, (3)
0 0
where r; is the initial reactivity in the spike. Equation (3) is valid in the case where the function J ) is
only slightly dependent upon the shape of the pulses, as observed in the IGR reactor for the pulse shapes
actually in use,

Methods of measurement familiar in the current literature [3] are not applicable to the IGR reactor
because of the way the parameters ¥ (J) and ¥ (x) change during the pulse, on account of the intense heatmg
of the reactor stacking. This paper presents an alternate procedure for independently measuring these
two parameters throughout the range of heat generated,

The method involves basically separating out the reactivity components (3). The shim rods are with-
drawn from the stacking stepwise each step being followed by a spike (Fig. 1). As the rodsarebeing moved
" rapidly, the power varies insignificantly, and the reactivity (3) is determined by the component introduced
by those rods [last term appearing in Eq. (3)]. When the rods are at rest, however, the reactivity (3) is
dependent solely on the component related to the amount of heat released [next-to-last term in Eq. (3)].

‘The parameters of the spike and the number of spikes are selected such that the core will become
heated to the peak temperature in about 5 min, so that dissipation of heat to the reflector will not have time
to take effect., These parameters were determined beforehand on a test stand incorporating a model simu-
lating the réactor and a real shim rod control servo system. A special device was also devised for use in
the stepwise displacement of the shim rods,

The first spike develops after the first step is carried out. As soon as the power in the first spike _
falls to a preset level (20 to 2,6 MW in this case), the next step is carried out, followed in turn by the sec-
ond spike. The reactor thus becomes a self-exciting spike generator. When a preset amount of heat has
been generated the system shuts off.

The reactor power is recorded on a loop oscillograph as the train of spikes is being executed (ioniza-
tion chambers provide data). The results are then processed. The processing includes compiling tables
giving the time dependence of the power in this train of spikes. The amount of heat released J and the total
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reactivity r are calculated from the tabular data on the basis of a special electronic digital computer pro-
gram, The computer results are then sorted in order to isolate the dependence r(J) in the time intervals
during which the shim rods are at rest. The dependence r{J) for each spike is approximated by second-
order polynomials, on the basis of the method of least squares:

r(f)=a,-+aJ +aJ2, : (4

where a;, a4, a, are the coefficients of the approximating polynomial. Upon differentiating Eq. (4) with re-
spect to J, we obtain . »

y(J):a,+2a2J. ' (5)

Hence, the thermal coefficient of reactivity is approximated by segments of straight lines, for each
spike (Fig., 2). The large error in the coefficient a, in spikes 5, 7, 8 is explained by the fact that the shim
rods execute slight displacements about their mean position in the intervals between steps, in response to
the residual magnetization of the amplidynes. The continuous curve plotted in Fig. 2 shows the interpola-
tion polynomial obtained via the method of least squares. The relative rms error in the measurement of
Y (J) is roughly 5%,

The displacements of the shim rods were measured after each spike, with the object of measuring
their worth, Moving-picture records were taken of the position indicators of the rods, on wide-format
movie film, The recorded results, when processed, yield the rod displacement Ax in each step, and changes
in the reactivity in each step Ar can be obtained from the results of computer processing of the power os-
cillograms, The worth of the shim rods in the k—th step is therefore

b (21) = Az (6)
In order to improve the accuracy of calculations of the parameter ¥(x), trapezoidal pulses were also used,
The calculations relied on the use of the dependence Y (J) already based on Eq. (3). The resulis of those
calculations were plotted as curve 2 in Fig, 3, while the worth of the shim rods in a cold reactor wasplotted

.as curve 1, '

Operational measurement of the parameters ¥ (J) and $(x) was carried out with the aid of a reactivity
gage ("reactimeter™) based on the MN-7 analog computer and an x-—y dataplotter, with voltage proportional
to the amount of heat released J plotted on the x-axis and voltage proportional to the reactivity r plotted on
the y-axis (Fig. 4). Processing of the recorded function r(J) yielded the parameters ¥ (J) and ¥ (x) with the
displacement of the shim rods in each step known, The error in the measurement of the parameters by
that method is about 15%, the bulk of it being accounted for by the error in the electronic multiplier unit of
the reactivity gage and the x—y dataplotter.

.The -above procedure makes it possible to determine important parameters of pulsed reactors in a
single pulse, to the desired accuracy, provided the experiment is prepared carefully. On-going operational
measurements of these parameters call for the use of high-quality instrumentation,

The author is indebted to E. I. Krylatykh for invaluable assistance in carrying out the experiments.
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REDESIGN OF THE IRT-TM REACTOR DRY EXPERIMENTAL
CHANNELS

O. F. Gusarov, V. V., Karnaukhov, UDC 621,039.56
and V. K. Leus

Irradiation of specimens in the vertical channels of IRT type reactors has been shown by experience
\ to date to be associated with serious operating problems in the period of recharging through the channel
plugs, in the first place, and to involve a lot of time spent in preparatory operations, in the second place,
while the impossibility of charging and discharging specimens at power levels above 100 kW is the para-
mount problem overshadowing all the others,

Over a year and a half changes have been gradually introduced into the IRT-TM reactor design to con-
vert to curved vertical channels having no plugs, and equipped with short top blind flanges, The curved
channels permit charging and discharging of specimens at any reactor power level. We see clearly from
Table 1 and Fig. 1 that the total background and the neutron background are both lower when curved verti-

- cal channels are used. Measurements were taken with official RUP-1 and Kran-1 dosimetric instruments,
The optimum channel curvature which would eliminate direct streaming of neutrons out of the channel while
being compatible with the necessary dimensions of the irradiation capsule were arrived at during the pro-
cess of fabricating the channels. The arrangement of the channels in the reactor tank makes it possible to

TABLE 1. Background of Neutron Radiation andvy-
Radiation on Top Face of IRT-TM Reactor

* Measurements taken at height of one meter from top face,

Gamma-ra- |Thermal neu- Fast neu- Total dose
o diation, - trons, neu- trons, neu- m '
. : 'ﬁ: 1/sec trons /cm - sec trons/cm2 - sec rem/h
of

ool o 2 LA a | L2 C O ]
3. 2o 5] =) O = e - 0|2 o o o
gl e |BEIBE|TE| e |BE|DE| LE
. OB S 53 s o 5 g S« 5 d = g 3.2
22| 86 | 8o | 86|85 5610858 % S

o 1 0,2% | 0.3% — — — — 0,7 1

S 2 1,6% 1 1.75% — — — — 5,6 6,2

. 3 0,35% | 0.57 — — — - 1,2 .2

4 2,5% | 2,8% — — — — 8,7 9,8

5 6* 4 4% — — - —_ 21 15,4

) 6 2,6% | 2,3= — — — — 8,7 | 8

7 0,2% | 0,45 — —_ — — 0,7 1,6

8 8,4 9 — — — — 29,4 | 31,5

9 0,4% | 0,42#% — — — - 1,4 1,5

10 | 2,2% | 2.5% — — — — 7,71 8,9

11 15 9.4 40 2.6 2 0—2 | 52,8 | 32,4

12 2% 2,0% — — — — 7 8,6
13 0,2% | 0.5* — — — — 0,7 1,75

14 5 3,6 70 2,6 2 — 18 1 12,7

15 6 4 200 3.8 3 — 22,6 | 14

16 5 4.5 1201 2,8 4 — 22,5 | 15,7

17 4 3,5 50 5,2 2 —_ 14,5 | 12,3

18 4 3.6 70 2,4 2 — 14,5 12,6

19 3 |36 T 470 2,7 2 — 12,5 | 12,6

20 0,7* | 1,2% — 2,3 — — 2,4 4,2

|

Translated from Atomnaya Energiya, Vol. 32, No, 1, pp. 60-62, January, 1972, Original article
} submitted December 14, 1970; revision submitted June 19, 1971,
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Fig. 1. Layout of top face of IRT-TM reactor (aumerals
indicate sites where dose rate measurements were taken),

Fig. 2. Diagram of curved channel with top blind flange.

carry out all of the in-core operations with freedom. A drawing of the channel with the top blind flange in
place is shown in Fig, 2. The channel inner diameter was calibrated before the channel was installed in the
core, This procedure facilitated optimization of the capsule dimensions for a tube of aluminum alloy AD 54
mm in diameter and 1.5 mm in wall thickness; the irradiation capsule is 46 mm in diameter and stands 200
mm high, ‘ .

"The following advantag'es of curved éxperimental channels were revealed in the course of operations:

1, Specimen charging and uncharging time was decreased .tenfold in work with curved vertical chan-
nels, while irradiation exposure of attending personnel was reduced at the same time.

2. Background, both thermal and fast, on the top face was greatly reduced when direct streaming’ of
radiation between the inner wall of the channel and the channel plug was eliminated.

3. The possibility of irradiating specimens in the experimenfal channels at any time and at any reac-
tor power level came to light.

An insignificant increase in the total ¥-emission background during the time the channels were being
rebuilt was due to a buildup of induced activity in the structural materials and in the reactor tank water.
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CRITICAL THERMAL FLUXES IN THE BOILING OF A EUTECTIC
SODIUM —~ POTASSIUM ALLOY UNDER CONDITIONS OF FREE
CONVECTION

V. I. Subbotin, D, N. Sorokin, UDC 536.25:621.039,534.6
A, P. Kudryavtsev, V. I, Brigutsa,
and R. I. Zhirova

The critical thermal fluxes of sodium, cesium, and rubidium were studied in an earlier investigation,
and the results were presented in [1]. For the fully-developed boiling of the alkali metals, the critical ther-
mal fluxes measured in the range of reduced pressures in question (4+1075-3-107%) are given by the gen-
eral relationship

Qg MW/m? B G =142 () ) Br@) P e o=V ()
S T ' : Experimental investigations into the boiling of non-
/ \ metallic binary mixtures [2-6] show that the critical
< o2 fluxes and the pressure dependence of q,, are consider-
TN’ : ’ ably influenced by the concentrations of the components
: : (Fig. 1). The critical thermal fluxes of binary mixtures
= | . -arenot accurately described by the generalized relation-
Q7 <X ships holding for single-component nonmetallic liquids,
B : : / : It would appear just as unlikely that Eq. (1) could validly
: / o be used to calculate q,,. for the boiling of binary mix-
ya ' tures of alkali metals.
//x // ' At the present time, the critical thermal flows as-
sociated with the boiling of binary mixtures of alkali met-
5}—F~ als can only be determined experimentally, However,
/ 7 | the literature contains very little information on this
b % question,
1 * ' This paper is:concerned with an experimental study
P of the critical thermal fluxes associated with the boiling
of a eutectic sodium-potassium alloy (78% K and 22%
3 Na by weight). ' '
2 3 4 p, bar
: ) _ Boiling took place on a flat horizontal surface 38
Fig, 1. Critical thermal fluxes for the mm in diameter, made of stainless steel. We used an
boiling of organic binary mixtures under alloy purified in a cold trap. The amount of oxygen in
conditions of free convection [2]: @) mo- the sodium— potassium alloy before charging was 1073
noisopropyldiphenyl (MIPD)-benzene, con- wt.%. The experiments were carried out both under the
centration of low-boéiling component 9%; pressure of the vapor itself and also under the pressure
- X) MIPD-benzene, concentration of low- of an inert gas (argon), the argon pressure approximately
boiling component 94%; ®) benzene; O) corresponding to the saturation pressure, Pgas = Pvap-
MIPD. ' The method and app'aratus were as described in [1].

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 62-63, January, 1972, Original article
submitted February 1, 1971, '
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Fig. 2. Experimental data regarding the critical thermal fluxes in 1
the boiling of a sodium-—potassium alloy under conditions of free con-
vection: O, @) under the pressure of the vapor, first and second se-
ries of experiments respectively; X, A) under the pressure of the ar-
gon, first and second series of experiments respectively; I) potassium,
calculation from Eq. (1); O) sodium, calculation from Eq. (1); II)
calculation from Eq. (2).

We made two series of experiments at pressures of approximately 0.012-0.45 and 0.013-0.17 kg /cm?,
By a "series" we mean a set of experiments carried out on one particular working section, without cleaning
the latter or changing the heat carrier. The results appear in Fig. 2, In one series of experiments the
critical thermal fluxes were obtained at pressures of 0,02, 0.05, 0.1, and 0.42 kg/cmz, then the pressure
was reduced to a minimum and the experiments were repeated. It follows from Fig. 2 that the reproduci-
bility of the results was excellent, The saturation pressure was determined from the measured vapor pres-
sure, using the pressure-temperature relationship on the saturation line given in [7]. Allowance was made
for an "exposed column" correction, i.e., one associated with the height of the column of sodium-—potas-
sium alloy over the heat-transfer surface, this being particularly important at low pressures.

As in the case of sodium, potassium, and cesium [1], in the experiments with the sodium-— potassium
alloy we observed a variety of modes of heat tranfer (for {; = tg): convective heat transfer (even for very
considerable temperature heads), with the subsequent outflow of heat by evaporation from the surface, heat
transfer by unstable boiling, and heat transfer by fully-developed boiling., We also observed spontaneous
transitions from one mode of heat transfer to another, the pressure and thermal flux remaining quite steady.

The critical thermal flux depends on the mode of heat transfer preceding the onset of the crisis [1].
Thus, in the sodium experiments, the critical thermal flux for developed boiling was much greater (roughly
by a factor of two) than for unstable boiling,

In our experiments with the sodium- potassium alloy, the system only passed to the crisis in a state
of developed boiling, so that the experimental results agreed closely together (Fig. 2).

In the sodium—potassium alloy, we were unable to detect influence of the inert gas (argon) on the
stabilization of the boiling process such as appeared earlier in the case of sodium and potassium individually
{1}. In the boiling of the sodium—potassium alloy under argon (the pressure of the gas being approximately
equal to the saturation pressure) we noted a variety of modes of heat transfer, instability of boiling, and
considerable pulsations in the wall temperature. The values of q¢y obtained for the boiling of the sodium
—potassium alloy under argon pressure coincide with the values of qer corresponding to boiling under the
ordinary vapor pressure (Fig, 2), For comparison, Fig, 2 shows the dependence of q., on pressure for
sodium and potassium calculated from Eq. (1), which gives a fairly good representation of the experimen-
tal data relating to the developed boiling of these metals. We see that the nature of the relationship between
der and pg for the sodium-—potassium alloy is entirely different from that corresponding to sodium and
potassium as such. The critical thermal fluxes for the Na—K alloy of eutectic composition are higher than
those of the pure components, ’

The experimental data for the pressure range studied may be described by the empirical relation

1
Gor =5.8(1—e 1T=Ps)—el-317s). 108, : (2)
which in Fig. 2 corresponds to curve IIl. In Eq, (2) pg is expressed in bars and q¢p in MW/m?.
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Thus, for the sodium—potassium alloy, as for nonmetallic liquids, the pressure dependence of the
critical thermal fluxes differs from that correspondmg to the pure metals, while the values of g, may be
much higher (Figs. 1 and 2),

In order to determine the influence of concentration on the critical thermal fluxes and on the charac-
ter of the relationship between g, and pg for various concentrations in binary mixtures of metals, further
experiments will be needed, both for sodium—potassium and also for other alloys, In the boiling of metals,
owing to their high thermal conductivity, - the proportion of heat carried away from the heating surface by -
the vapor is smaller than in the case of nonmetallic liquids. We may therefore expect that in the case of
metals the influence of concentration on the crltlcal thermal fluxes will be less severe than in the case of
nonmetallic liquids.
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MEASUREMENT OF INTEGRATED CHARACTERISTICS OF
SLOW-NEUTRON SPECTRUM OF VVR-M CRITICAL »
ASSEMBLY

A. V, Nikonov and V, B, Klimentov UDC 621,039.512.44

The concept of effective neutron temperature is applied to highly thermalized spectra. It has been
shown, however, that [1-3] despite the restrictions associated with assumptions of a Maxwellian predomi-
nantly thermal part of the spectrum and the 1/E dependence of the epithermal component, the effective
neutron temperature concept has proved applicable equally well to slightly enriched systems moderated by
ordinary water, In some instances the neutron temperature has been estimated for highly enriched uranium
—water lattices [4]. ’

The integral method of determining effective neutron temperature [5] has been applied in investigations
of the uranium— water lattice of the VVR-M critical assembly [6] with fuel elements 36% enriched, to check
the validity of the method under those conditions, Lutecium, indium, and dysprosium indicators in the form
of foils with respective effective thicknesses 0,07, 1.20, and 0,84 mg/em? were employed. A control ex-
periment revealed the virtual absence of any perturbation of the neutron field by those indicators.

The activation indicators were normalized with respect to the spectrum of a graphite column dimen-
sioned 160 X 140 X 120 mm adjacent to the core of the critical assembly. With the close-to-Maxwellian
spectrum taken into account, the indicators were placed in the thermal column at a distance of 70 ecm from
the edge of the core and 10 cm above the top edge of the core. The cadmium ratios measured with the aid
of Dy'® and ! indicators, with corrections for attenuation of the cadmium-moderated neutrons (FB§= 2.4
[7] and F& = 1.065 [8]), were:

_ REY =536 4 25, R, =30+ 2.
The ratio rv Tn/ Ty, characterizing the fraction of slowing~down neutrons in the spectrum, was not
large: (1.81 + 0.16) - 1078, It was determined from the cadmium ratio for indium:

w1/ In , (D
Vo (RCd—i)%“;‘RCd(‘[i{_"W) : _

and the correction factors were assigned the values: K = 2,07, W = 0.245, Sy = 18.8 [9]. The valué of g was
determined by Westcott's method for the thermogiynamic temperature of the thermal column t = 15° C[g(15°C)
= 1.018].

TABLE 1. Spectral Characteristics of the VVR-M Lattice

‘Measurement site ylu vln /T /T T, °c |Tn Ky /Tm
E n’ o n o
(K)-
Fuel element surface 1,464-0,12 | 3,34+0,13 0,1254 138+22 1,43
Water gap 1,22+0,10 { 2,90-£0,12 0,1027 o6+11 1,14 »
Water cavity 1,444-0,10 | 1,96+0,09 0,053 3647 1,07

Translated from Atomnaya Energiya, Vol. 32, No, 1, pp. 64-65, January, 1972, Original article
submitted January 21, 1971,
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The quantity measured was the spectral ratio Uy defined as the ratio of B-activities of the spectrally
sensitive indicator and of the type 1/v indicator (in this case Tuls and Dy'®) normalized with respect to the
spectrum of the thermal column: :

ALU ALU ,
v () (45), -

In Westcott's representation, this ratio becomes

plu_. le+r 1{&;/70 So)x ) o
Y (g4r VT Sod e . (2)

Using the experimental values of ULu and the tabulated values of g and S; [9], we can determine the
effective neutron temperature of the thermal spectrum under the condition that the characterlstlc T To
be known. This quantity can be determined from the spectral ratio for In!!5 and Dy164 (UX )

rl/Tn UM Xee —g™ - : 3
To  shn_ulxee §1°° :
where

X B gIn+rl/_T_n SIn
tc =
1+r]/Tﬂ sirv

The system of equations (2) and (3) was solved by the method of iterations, andthe values of g and So SVT07
were determined from Westcott's tabular data [9].

Measurements were taken at three lattice points:” on the surface of the fuel element, at the center of
a water gap of thickness 3 mm, and at the center of the water cavity filled as a result of extraction of the
hexagonal fuel element (width across flats 3,5 cm), Results of the measurements appear in Table 1,

_ . The ratio of the measured neutron temperature T}, to the physical temperature of the moderator T,
proved to be beyond the range of validity of Westcott's spectral model (Tn/ T, < 1.07) both for the fuel ele~
ment surface and for the water gap. Clearly, the measured T, values have no rigorously physical meaning
under those conditions and can be used only as variables qualitatively illustrating changes in the slow-neu-
tron spectrum in the reactor lattice. In contrast to the neutron temperature, the spectral ratios Uy are
not related either to any models of the spectrum or to the accompanying restrictions. They are therefore
treated as objective characteristics of the spectrum of the lattice under investigation,
|
|

The cited Tn' values are in satisfactory agreement with published experimental data [4], whereT,
= 123 £ 21°C was obtained for the surface of the highly enriched fuel element in the Melusine reactor,
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POSSIBILITY OF MEASURING THE SPECTRAL CHARACTERISTICS
OF A NEUTRON FLUX USING DIRECT-CHARGE DETECTORS

V. S. Kirsanov, M. G. Mitel'man, ' ~ UDC 621.039.519
N. D. Rozenblyum, E. N. Babulevich,
V. A. Zagadkin, and Yu. M. Shipovskikh

In connection with the use of various types of reactors it is of considerable interest to know the spec-
tral characteristics of the neutron flux. As a first practical approximation the concept of the cadmium ratio
is widely employed, this being based on the two-group representation of the neutron flux in which the latter
is separated into thermal and superthermalparts [1]. At the present time the method of radloactlve indica-
tors is extensively employed in determining the cadmium ratio [1, 2].

The main disadvantage of the method is its laboriousness and the lack of operator control in the mea-
surements.

Considering the fact that the direct-charge detector is metrologically identical with the method of
radioactive indicators, it was earlier proposed [3, 4] to use a detector of this kind with a cadmium filter in

_order to determine the cadmium ratio., However, the use of a detector with a filter has considerable disad-
vantages: ’

08 T , a) the rapid burn-up of the filter on contmuously operating in
strong thermal neutron fluxes;

a7 b) the greater size required for a detector with a filter;
<05 ' ! c) the fact that an absorbing filter introduces serious pertur-
o / bations into the thermal-neutron flux close to the detector. The meth~
§ 25 / od of two detectors, analogous to the method of two foils [1, 2] over-
g Az;i comes these disadvantages. _
2 04 Y— ¢ Let there be two detectors with different emitter materials, then
Q .
8 / : iy = ¢TOp + ‘Pchsi
03 A, S (1)
A/ iy = @} D+ 3 Ds,
0 7 > where iy, iy are the currents of the detectors; (p;r, ({)’ZI‘, <p15, @5 are
L the sensitivities of the detectors in the thermal and superthermal re-
o _ e ' . gions; @, &g are the thermal- and superthermal-neutron fluxes.
_ el On the basis of the system of Egs. (1) we may write the cadmium
oe=> : ratio in the form
w0 ] v W w
H, cm Rl /el —qb/ei

1
= + 2
Fig. 1. Distribution of neutron ' s @7 (1/0T —ix/ig-1/9F) @
flux over the height of the reac-

tor channel plotted by means of where ig is the current of the f1rst detector due to the superthermal

various direct-charge detectors: neutrons,

1) rhodium; 2) silver; 3) vana- An experimental verification of the method of two detectors was
dium; 4) rhodium with a cadmi- carried out in the MR reactor of the I, V. Kurchatov Institute of

um filter, Atomic Energy. Detectors were made with rhodium, vanadium, and

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 65-66, January, 1972. Original article
submitted February 1, 1971. '
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silver emitters and also one detector with a rhodium emitter and a cadmium filter. The length of the sen-
sitive part (the emitter) was 25 mm in each detector. ’ ’

We measured the distribution of the detector readings over the height of the active zone of the reactor,
The results of the measurements for the upper half of the active zone are indicated in Fig. 1. Equation (2)
may be expressed in the form . :

iy/iy = —a-1/R4-b, ' ' (3

where @ and b are constant coefficients; Fig, 2 gives the current ratios iv/i Ag and iV/iRh as functions of
1/ Rpyps this being the reciprocal of the cadmium ratio with respect to the rhodium direct-charge detector
and being calculated from the results of Fig. 1, It follows from Fig. 2 that with increasing current ratio
the quantity 1/ RRp tends to diminish, We see furthermore that the relationship in question obeys a law
corresponding to Eqs, (2) and (3), » : :

We have thus shown that by using the two-detector method we may measure the cadmium ratio and
thus secure data relating to the spectral characteristics of the neutron flux.
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SPECTROMETRY OF LOW-ENERGY IONS BY SURFACE-BARRIER
SILICON DETECTORS | '

G. F. Bogdanov and B. P. Maksimenko UDC 539.1.074

The present note reports investigations on the pulse height characteristics and the energy resolutlon
of surface-barrier silicon detectors (t = 18°C) for the ions Hj, HeZ+, Lif, Ci;, NI, ofe, Ar40 in the
energy range 20-200 keV.

The detectors consist of n-type silicon of resistivity ~200-300 ©‘cm. The thickness of the gold en-
trance window (dead band) is ~ 40 pg/cm?, corresponding to a sensitive area of 7-10 mm?. Att = 18°C the
reverse current was not more than 5-107% A at the working voltage of 50 V. The detectors were operated
in conjunction with a vacuum-tube spectrometer arrangement, the intrinsic noise of which corresponded to
the total width of the peak at half height (WPHH), equal to 3.5 keV. The detectors were tested ona magnetic

2,0
5 "
7
Vg
» 0%
210
=
C
<
< Argy
a5
/0y
// pra
g 50 100 150 200

Iron energy, keV

Fig. 1. Height of detector pulse as function of ion energy. The dot-
dash lines show the calculated curves. A, is the pulse height for 100
keV Hf ions. A is the pulse height of the various ions.

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 66-68, January, 1972. Original article
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Fig. 2, Dependence of WPHH on ion mass for an ion energy of 140 keV. The dashed
- line shows the calculated curve,

Fig. 3. Detector pulse height distribution for 140 keV Ar40 and Hef ™ (a and b respec-
tlvely)

separator fed with multienergetic beams of the above ions. The energy dispersion of the ions in the beam
at the separator output was not more than 1% ’ ’

Figure 1 shows the pulse height characteristics of the detector for the various ions. The theoretical
characteristics calculated with loss of energy of the ions by atomic scattering taken into account are shown
by the dot-dash lines. In the calculations we utilized the data given in [1, 2] (for H{ and He;™") and in [3]
(for Aryy ). Energy losses of ions in the dead band of the window were ignored, It can be seen that for all’
ions the detector has linear pulse height characteristics, the slope of which decreases and the "cutoff"
(distance from the origin to the point where the extrapolated characteristic intersects the axis of abscissas)
of which increases with mcreasmg ion mass. Increasing the ion mass is accompanied by a marked rise in

the WPHH (Fig. 2). Below 016 the measured value is greater than calculatlon whlle above 016 the opposite

is the case, Figure 3 shows the pulse height distribution for the ions Ar and He16 at an energy of 140
keV.

The measured pulse helght characteristics are in good agreement with the results cited in [4] for the
ions Hi, He4, N’*4 and Nezo, which were obtalned {t = 18°C) with a detector of comparatively low-resistivity
silicon (~150 Q -cm). Forexample, for N14 cutoff and WPHH were found in [4] to be 35 and 34 keV respec-
tively. Our values are 37 and 36 keV respectively. Our detectors have a better resolution and smaller cut-
off values than the cooled (t - 100 C) detectors of hlgher-re31st1v1ty silicon (~10-20 kQ-cm) utilizedin[5]
for the spectrometry of Hi, He4, N, Nej;, and Ar}y. For Ar};, for example, cutoff and WPHH in (5]
amount respectively to 24 and 6.5 keV, whereas in our case the values are 64 and 56 keV. It is significant
that the reduction in the WPHH by a factor of 8,6 cannot be due to cooling alone,

The feature of a sizable pulse height defect in the recording of heavy ions suggests that surface-bar-
rier silicon detectors can be used for a rough mass analysis, for example, of two-component multiener-
getic beams consisting of light and heavy ions.

In conclusion we wish to thank G. M. Novikov for presenting the detectors and V. V. Strulev and
B. G. D'yakonov for their help with the measurements. v
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MEASUREMENT OF NEUTRON SPECTRA WITH THRESHOLD
DETECTORS

K. K. Koshaeva, §. N. Kraitor, . UDC 539’.12.08
and L., B. Pikel'ner

Neutron spectra are measured with a set of threshold detectors whose operation depends on the fis- v
sion of heavy nuclei by neutrons. The most widely used is the Hurst set consisting of U8 Np®7, and pu®?
behind a filter of 2.2 g/cm? of B!® and supplemented by $*2 [1]. We consider in detail the characteristics of
a set of detectors as applied to actual neutron spectra and take as an example of an alternative U%® U®5+cd
and U5, Np®', U3, and 5% behind a filter of 1 g/cm?® of BYY; we propose a new interpretation of the data
below the Np237 f1ss1on threshold which enables the accuracy of spectrometric measurements to be increased.,

In recording neutrons with threshold detectors the energy dependence of the fission cross section o(E)
is replaced by an effective cross section which is assumed constant above the energy threshold and zero
below. The effectlve cross section is related to the energy threshold Ei; .. by the expression

Oeff S @ (E) dE - g o (E) O (E) dE,

‘ Ethr L8 '
where ®(E) is the differential neutron flux. Since Octf and
and Ethr depend on the form of the function ®(E), 0o can
be computed as a function of Eiy,, for various actual neutron
spectra. The necessary data on the Np®" and U8 fission
cross sections and the S*2(, p)P?? cross section were ob-
tained from [2, 3]. Since we consider an arrangement in
which Np®7 is behind a 1g/em?filter of BY, its subthreshold
fission is not taken into account [4].

15

10

Data have been obtained on calculated and experimental
spectra of various critical assemblies and reactors [5, 6].
The results for U8 are shown in Fig. 1. The figure shows
the maximum deviation of the effective cross section 1 from
the mean for various threshold energies. The figure in-
dicates the value of the threshold energy for which the spread
of the effective cross section is minimum. Henceforth the
cross section and energy are taken as1.55 b (+ 2%) and 0.56
MeV for Np®7, 0.525b (+ 4%) and 1.4 MeV for U8, and 0.28b
(£ 5%) and 2.8 MeV for S°2,

b
Ooff* DS

05

0 | 1 I |
G5 10 L& 2,0 e Since the energy dependence of the U®5 fission cross
~ Egyp, MeV section with a 1 g/lcm?® B! filter is far from that of an ideal

Fig. 1. Effective U®? fission cross sec- threshold detector [7], the whole energy range from 10? to
tion (curve 1) and its maximum deviation 107 eV was divided into two parts, one below a few hundred
from the mean 1 (curve 2) for various neu- keV and the other above. The characteristics of the system
tron spectra as functions of the threshhold were investigated separately in these energy ranges. The
energy. boundary between them was taken as the Np237 threshold

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 68-70, January, 1972, Original article
submitted December 14, 1970.
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TABLE 1. Maximum Errors in Determining " ¢/,
" the Neutron Flux in Particular Energy Ranges g / 7
for Various Spectra » H. 77 / ;
Maximum error,% E‘J_ ?
. outside fa
Energy range |fission |uranium (water. [rachel C) )7/,
—oraphitel — eact 01 7
spectrum [—graphite]— water jreactor 4 .
Leactor reactor [shield ‘
2,8—10,0MeV 5 5 5 5 v
1,4—2,8 MeV] 8 6,2 4,8 5,4 7z 7
0,56—1,4MeV| 11 9,3 3,6 5,6 Vil
400 eV— vev| ¥ 10,4 10,4 10,3 ///
0,56 e
04400 ev| — 53 | 50 | 5.1 NP7/
1072 w07’ n°
) En, MeV
Integrated neud 3,2 5,4 6,8 6,9 Fig. 2. Differential néutron spectra
tron flux with . in the 0,04-0.56 MeV range minus the
energies above 1/E part, and the average spectrum
0.4ev (broken curve).
20 energy 0.56 MeV, For energies above 0.56 MeVthe calcula-
" I'}'l” ted U fission cross sectionis 1.21 + 0,02 b, and below it is
E K \\2 2.05 % 0,20 bfor Etpr =400 eV, _ '
3 10l . ' k) ‘ The average value of the U figsion cross section,
@ : HE whichis neededto determine the neutron flux below 400 eV, is
8O
< AL calculated from the set of spectra tobe 33,4 + 1.5 b. The U%5
/ // _p\.\. fissioncross section for thermal neutrons is givenin [8],
oL I T =L . A ’
wroowt et wtwt o nt e c 0* v v " Thus the set of threshold detectors considered per-
e mits a sufficiently accurate determination of the neutron
Fig. 3. 1) Neutron spectrum of OIYal IBR flux in the following energy ranges: 0.01-0.4, 0.4-400
reactor with a 4 cm water moderator; 2) _ eV, 400 eV-0,56 MeV, 0.56-1,4, 1,4-2.8, 2,8-10 MeV.
fission spectrum. ' : Dividing these by the size of the energy range gives the

average differential flux in each range. However, de-
termining such neutron characteristics in the 400 eV-0.56 MeV range by using average fluxes can lead to
appreciable errors. Therefore instead of the usual assumption on a uniform neutron distribution on a log-
arithmic energy scale in this range we propose another interpretation of the results.

An analysis of various neturon spectra indicates that the spectrum in the 400 eV-0.,56 MeV range can
be represented as the sum of a 1/E part continued from the 0.4-400 eV range and a contribution in the 0.04-
0.56 MeV range from neutrons undergoing moderation. Figure 2 shows the differential neutron spectra
[5, 6] with the 1/E contribution subtracted off and normalized to the same total flux in the 0.04-0.56 MeV
range. It is clear from the figure that all the spectra lie in a rather narrow region between the solid curve
and clearly admit the introduction of an average neutron spectrum (broken curve). A unit neutron flux with
energies in the 0,04-0,56 MeV range can be represented to within 3 to 5% by the empirical relation

@ (Ig E) = 2.8-10°5 (£ — 10) (2000 — &),

where ®(log E) is the neutron flux pér unit of the logaxjithm of the energy, neutrons/cm? logE, and E is the

"neutron energy in keV,

This method of determining the differential neutron flux has an accuracy of 28% at 100 keV and 149
at 400 keV, : :

The accuracy with which the average differential flux in other energy ranges, and the integrated flux
can be measured depends on the spectrum. Calculations were made for the fission spectrum, spectra in
uranium— graphite [9] and water-cooled water-moderated reactors [10], and the spectrum outside the shield
of the Rachel reactor [10]. The results of the calculations are listed in Table 1.
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The set of detectors considered was used to determine the neutron spectrum of the OIYal IBR pulsed
reactor [11}]. The measurements were made at a distance of 10 m from the core with a 4 cm water moder-
~ator. The set of threshold detectors was constructed by placing inside a spherical shell of B! 1 g/ecm? in
thickness a caémium liner containing an %2 pellet and the U8, Np®7, and U% targets attached to silica
glass plates for the detection of fission fragments, In order to compare readings in the low-energy range
gold foils and thermoluminescent Li® glasses [6] were irradiated simultaneously with the set of detectors.,

The results of the measurement of the filtered neutron spectrum of the OI'Yal IBR pulsed reactor are
shown in Fig. 3. The figure also shows the undistorted fission spectrum (dashed curve) for comparison.
As should be expected the IBR neutron spectrum is softer than the fission spectrum because of the energy
drop in the core and the moderator,

The average differential flux of slow neutrons in the 0.4-400 eV range as measured by U®5 detectors,
thermoluminescent lithium glasses, and gold foils were respectively 1,01 = 0,09, 1,02 + 0,12, and 0,97
= 0.06, with the arithmetic mean of the three values being taken as un1ty They agree within the limits of
experimental error.

The authors thank I, B. Keirim-Markus for his interest in the work and for helpful discussion, I, A,
Bochvar and T, I. Gimadovaya for supplying and measuring the thermoluminescent lithium glasses, I, I,
Denisov and G. I, Sokolovaya for determining the activity of the gold foils, and N, T. Khot'ko for help with
the measurements, '
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THE EFFECT OF NEUTRON IRRADIATION ON THE OPERATION OF
SURFACE BARRIER FISSION FRAGMENT DETECTORS

E. A. Seregina, N. N. Semenova, | UDC 539.1.074.88
and B. D, Kuz'minov ’

In the study of fast-neutron reactions the radiation detectors frequently receive the same neutron flux
as the target [1, 2]. Elastic and inelastic scattering of neutrons from siliconnuclei produces radiation damage
‘in the crystal lattice, mainly in the form of irreversible defects, Most of these have levels in the forbidden
zone of the semiconductor and are electrically active, If the atoms displaced from their equilibrium posi-
tions have kinetic energies above the threshold for defect formation E, they can displace secondary atoms.

In such a case the total number of structural defects can be considerably larger than the number of primary
nuclear interactions. '

The effect of neutrons on the operation of silicon surface barrier counters has been studied before
[3-5], but quantitative information on the effect of neutrons on semiconductor detectors is required to de-
termine the possibility of performing certain experiments. The present work was undertaken to determine
the maximum admissible doses of 1.5, 2.8, and 15 MeV neutrons to which silicon surface barrier detectors
can be subjected and still be sufficiently accurate for fission fragment studies.

Surface barrier counters of n-type silicon with resistivities of 300 and 3000 Q-:cm but identical sen-
sitive areas of 3 cm® were irradiated with 1.5, 2.8, and 15 MeV neutrons. The counters were constructed
as described in [6], The effect of irradiation was determined by measuring the fission fragment spectrum
after subjecting the detector to various neutron doses, The integrated neutron flux was estimated from the

‘number of fissions in a U8 target of known weight, The equipment was provided with an automatic device

eliminating the effect of amplification factor instability or detector capacitance on the magnitude of the
recorded pulse.

The effect of neutrons on the operation of a silicon detec-
tor depends on its resistivity. Low-resistivity silicon counters
exhibited a greater resistance to 1.5 and 2.8 MeV neutron irra-
diation. For a neutron dose of 6 - 10'? neutrons /cm? there were
no changes in the spectra of the fission fragments. High-resis-
tivity counters subjected to this same dose show significant
changes in fission fragment spectra.

5% ] —— T
40

30

_ Figure 1 shows the relative losses of charges produced by

B fragments as functions of thetotal neutron dose. Low-resistivity
detectors show practically nocharge losses due to defect formation
for doses of up to 1013 neutrons/cm2 (Ep = 1.5 and 2.8 MeV).

_ Low resistivity detectors are more sensitive to 15 MeV neutrons
because these neutrons produce more than twice as many elemen-
tary structural defects as 1.5 or 2.8 MeV neutrons for the same

20

10

¢ f I integrated flux [7].
0 b 10 15 20
’ 210" cm™ _ The time chagacteristics of the counters were studied be-
Fig. 1. Relative losses of charges pro- fore and after neutron irradiation, A schematic diagram of the
duced by fragments as functions of neu- measuring apparatus is shown in Fig, 2, The variable resist-
tron dose at energy E,. ance Ry is used to determine the collection time of the charge

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 70-72, January, 1972, Original article
submitted January 11, 1971; revision submitted February 2, 1971,
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—— apparatus for measuring charge
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Fig. 3. Ratio of Cf%% fission fragment and
alpha particle pulse heights as a function of
the time constant of the circuit T = ChR,

+ R¢) for low-resistivity silicon detectors
.4 with biases of 25 (O, ®), 50 (A,A), and100
Vv (@, W) before irradiation (open points) and
after irradiation (black points) by a dose of
2,3 -10% neutrons/cm?,

I

] 200 400 600
5 msec

produced by fragments. A dense plasma is formed as the fission fragments slow down in the de-
tector. Therefore the collection time for the charge produced by fragments is the sum of the time
for the dissipation of the plasma and the time for charges to drift to the collecting electrodes. The
plasma density is appreciably. lower for alpha particles, and if other conditions remain the same the
charge is collected more rapidly than for fragments, We use this fact in our work. As R, is increased the
time constant of the circuit 7 = Cp(Ry + R¢) increases; Cp is the capacitance of the detector and R is its
contact resistance. The ratio of the fragment and alpha particle pulse heights uFr/U- will increase and
gradually approach a maximum. Figure 3 shows the ratio of the fission fragment and alpha particle pulse
heights as a function of the time constant of the circuit 7. The collection time for charges produced by
fragments can be determined from the curves. For unirradiated counters this time is about 20 nsec. After
irradiation by an integrated flux of 10%® neutrons/cm? the collection time is increased to 150-200 nsec The
blas voltage has an appreciable effect on the collection time only for 1rrad1ated counters.

The following conclusions can be drawn from our investigations.

1. Low-resistivity (¢ = 200-300 Q.cm) silicon surface barrier detectors can be used for spectro-
metric studies when irradiated by integrated fluxes of up to 1013 1,5 or 2.8 MeV neutrons/cm?, and by a flux
of 51012 15 MeV neutrons/cm?, Larger fluxes lead to a loss of collected charge and to considerable dis-

- tortions of spectra. -

2, High resistivity (@ = 2000 3000 Q-cm) silicon detectors cannot be used for practical fission
. fragment spectroscopy in the presence of a neutron flux.

3. The collection time of charges produced by fission fragments is. about 20 nsec for unirradiated
detectors. ‘

4, When irradiated by integrated fluxes of 2 - 1013 neutrons/cm? counters experience considerable
changes in their time characteristics; the charge collection time is increased to 150-200 nsec.

The authors thank P. P, D'yachenko and A, I, Sergachev for help in the work.
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THE EFFECT OF THE ANGULAR DIMENSIONS OF A DETECTOR ON
THE ERROR IN THE DETERMINATION OF CERTAIN KINEMATIC
CHARACTERISTICS

G. N. Potetyunko ’ UDC 539.17:518.3

Analytic expressions have been obtained in [1, 2] for calculating the error in the determination of the
energy of a reaction product in a two-body nuclear collision as a function of the angular dimensions. of the
detector in both the nonrelativistic and relativistic cases, This is called kinematic broadening in [2]. Un-

* fortunately these expressmns are very cumbersome and of little use in practical calculations.

We present nomograms for f1nd1ng the relatlve error in the energy E; of a product of a nuclear reac-
tion of the type I + Il = 1 + 2 (Fig. 1) and the differential effective cross section in the center-of-mass sys-
tem oc M, (Fig. 2) as a function of the angle of emission #; of particle 1 in the laboratory system and the
dimensionless parameter p; given by [3] .

o=l —AEL_ L
) Ey—Ey’ mymyy ’ (1)

where Ej is the énergy of the beam in the laboratory system and M = mj + mH' or is found from the nomo-
gram in [4], Our nomograms are constructed for Ad,; = £1°and 0 = p; =1, For A, = £k’ the error ob-
tained from our nomogram must be multiplied by k.
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Fig. 1. Nomogram for determining the relative error in the energy
of a reaction product in a two-body nuclear collision for Ady = + _1°.

Translated from Atomnaya Energiya, Vol, 32, No. 1, pp. 72-73, January, 1972. Original article
submitted December 8, 1970; revision submitted June 8, 1971,

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. Al rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.

76

Declassified and Approved For Release 2013/03/01 : CIA-RDP10-02196R000300100001-0




Declassified and Approved For Release 2013/03/01 : CIA-RDP10-02196R000300100001-0

Aoc M./9C. M.

140 Lt o
¥ A
Il /" iy
50 ,',’ 98
! 77 0,7 o
4.4
e
Yl Vs . I N
,/ 1/4/ 075 \\\
7 =7 N SIS
L7 7, ol /1 e NN\
2 ap—— . SIS N
/]// — 03 ~_N Q:Q\
i ; b N
~ ] - : - USSR
g5 I/ /7 / — - —~ \\\\\s\“\
I/] // 7z~ 011 B — \\‘\ ‘\
Ll 7 . — LAV
: [i/74W4N - g AV
11/ X A R \
" II 'I - S Ai 1
11/ 7 : N~ T
g1 ’I - 1
oW 20° 3° 4-0 50° 50 70° 80° 90° 100° 10° 120° 130° %0° 150° 7(;0 170°180°
4

Fig. 2. Nomogram for determining the relative error in the differ-
ential effective cross section in the center-of-mass system for a
two-body nuclear collision for Ady = # 1°,

Our nomograms are based on the equations

mymy EI

E=—p (Vl—Pl sin? @y + 91 cos 01)% ’ (2
OC.M.' V1-pisinz 4,
%1ab (Vl—P. SIZ O +pscostyz | -9

In these expressions the plus sign holds when p; < 1, but both solutions must be considered when ;51 >1,

Equation (3) is cited in practically all handbooks on the kinematics of nuclear reactions (e.g., [3]).
Equation (2) has not been previously cited anywhere. Equation (2) is convenient since it expresses E; in
terms of quantities defined in the laboratory system (E and ¢ 1).and the parameter p; which appears in all
the other kinematic equations, and can be used together with the other expressions for E; [3, 5] to calculate
the energy of a product of a two-body nuclear collision,

-
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VISUALIZATION OF SPATIAL DOSE DISTRIBUTION IN A
FAST ELECTRON BEAM '

Yu. P. Vagin, G. L, Kabanov, UDC 539.12,08
Yu. A, Medvedev, and B. M. Stepanov

When using high intensity electron beams, it is often necessary to measure the spatial characteristics
of dose fields created by electron interactions in a target, by electron scattering in various media, by the
action of electromagnetic fields on the electron beam, etc,

It was shown experimentally [1] that the intensity of fluorescence excited in air by a pulse of fast elec-
trons was proportional to absorbed dose rate. Obviously, the phenomenon of fluorescence can be used for
visualization of spatial dose distribution, To demonstrate this fact, the fast-electron scattering field and
the Juminosity field in air were investigated by photoelectron and photographic methods; the characteristics
of the luminosity field were also compared with results from a crude theory of electron multiple scattering.
An electron beam with electron energies of 4 and 1 MeV was used in the experiments, The respective elec-
tron currents per pulse were 0.1 and 3 A, the pulse durations, 2 and 1.2 ¢sec, and the repetition rates 400
and 25 Hz, The electron beam was scattered in air, forming a typical luminous cone,

A photoelectron detector (photomultiplier and Faraday cup) recorded luminous intensity and electron
current simultaneously. In this case, air luminosity was observed from a small volume (~1 c¢m®) located
inside the cavity of the Faraday cup and limited by the entrance diaphragm (~1 cm), The luminous intensity
was produced by electrons moving along the axis of the measuring volume, Photographic recording of the
luminous zone was obtained with "Zenite-3M" equipment on "Foto-250" isopanchromatic film (limit of reso-
lution, 680 nm) having a uniform spectral sensitivity in the visible portion of the spectrum,

Typical photographs of the luminous region in air excited by electron beams with energies of 1 and 4
MeV are shown in Fig, 1. The photographs show a bright central region of luminosity and a faint luminous
cone which is formed by electrons scattered by a titanium foil (see Fig. la). The boundary of the luminous
cone becomes indistinguishable at distances of the order of 8-10 cm from the foil because of additional elec-
tron scattering by air.

Fig. 1. Luminous regions in air excited by electron beams with energies of 1 (a) and 4
MeV ().

Translated from Atomnaya f]nergiya, Vol, 32, No. 1, pp. 73-75, January 1972, Original article
submitted February 1, 1971,

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Negatives obtained at different exposures were photometrized perpendicularly to the beam axis in a
region of normal blackening., The transverse distribution of luminous intensity, which was in the form of
a Gaussian, was plotted from the density distribution curve with corrections for film contrast and inertia,

Measurements of luminous intensity by photoelectron and photographic methods and of electron cur-
rent over the cross section of the electron beam at 3 cm from the exit window of the accelerator are plotted
in Fig. 2, It is evident that the results obtained with the three methods are in good agreement with one
another, and deviate by no more than +10% from a mean Gaussian curve for the distribution., The results
lead one to conclude that there is a correspondence between the distributions of luminous intensity and elec-
tron current and, consequently, that there is a possibility of measuring dose fields in electron beams [1]
by recording the luminosity field by one means or another (photographically, for example).

The result of a study of the longitudinal characteristics of the luminous field by a photographic method
is a further verification of this conclusion. The average contour of the luminosity field was graphically
plotted from the measured halfwidths of the transverse luminosity distribution at various distances from the
exit window of the accelerator. The scattering angle was determined from the slope of the tangent to the
contour at several points; it was compared to the mean angle calculated from a formula given by a crude
theory for multiple scattering of electrons [2]:

= 7000L
VeE=y =,
where L is the electron path length in air along the beam axis in cm and E'is the electron energy in keV.

The theoretical (curves 1, 2) and experimental data are given in Fig., 3, At 4 MeV, it is clear that
good agreement between experimental and theoretical data is observed; at 1 MeV, satisfactory agreement
is observed starting at a distance of the order of 10 cm where one can neglect the electrons scattered by the
titanium foil and consider only the air scattering of the central portion of the electron beam (see Fig. 1),
The experimental points characterizing the scattering cone near the exit window of the accelerator (1.5 and
5 ¢cm) are in good agreement with the theoretical electron scattering angle for a titanium foil,

Thus visualization and measurement of dose fields from high-intensity pulsed electron beams can be
reduced to photographic recording of the luminosity field and photometric analysis of the negatives.
LITERATURE CITED

1.  Yu. P. Vagin et al., At, Energ., 28, 177 (1970).
2. G. Hine and G. Brownell, Radiation Dosimetry [Russian translation], Izd-vo Inostr, Lit;, Moscow
(1958). .
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SPECTRA OF ELECTRONS EJECTED IN THE PASSAGE OF Cof?
GAMMA RAYS THROUGH A TWO-COMPONENT MEDIUM

L. V. Popova and L. B, Chegodaeva UDC 539.172.3

We have used the Monte Carlo method to find the spectra of primary electrons produced in the gamma
irradiation of two-component finely divided systems. As model systems we investigated aluminum— water,
copper—water, and platinum-—water, For comparison with the two-component systems we studied the elec- ‘
tron spectrum in a one-component system — water,

A point source of Cof gamma rays was placed in an infinite uniformly mixed medium. Multiply scat-
tered gamma photons were traced through the medium until they were completely degraded.

The Monte Carlo method agsumes a mock-up of the process under study — in the present case the sim-
ulation of the penetration of gamma rays through matter. Since the medium is assumed homogeneous and
isotropic it is sufficient to consider the trajectory of a gamma photon in energy space.* At Co® photon en-

. ergies (~ 1,25 MeV) only two processes occur with appreciable probability: inelastic scattering from free

electrons (Compton scattering) and photoelectric absorption. The cross section for Compton scattering is
*The homogeneity of the two-component systems considered follows from the fact that the sizes of the metal
particles are assumed to be two to three orders of magnitude smaller than the mean free path of the gamma

photons,

TABLE 1. Spectrum of Recoil Electrons in Water and in the Components of Mixtures

Aluminum-—water Copper—water Platinum— water
Water
Energy range, Al Hy0 Cu | Hz0 Pt | H0
3 £3 P 7 = S
MeV + + + + + + +
=] = =] ] -4 =] 9 o E] =} b o =} o o B ) g E1
0—0,01 |0 |45,5]45,5|0 [14,8{14,8/0 {17,0[17,0{0 6,6} 6,60 7,9 7,9|0 }4,8]{1,8 0 | 3.6j 3,6
0,01—0,02 |0 [12,7(12,7[0 | 6,4 6,4|0 7,31 7,310 3,2{ 3,20 3,9 3,9|0,1j1,1{1,2| 0 | 1,6/ 1,6
0,02—0,03 |0,7| 6,1 6,8/0 3.6 3,60 4,01 4,00 2,7 2,710 3,2/ 3,210,4;0,9| 1,0 0 | 1,3 1,3
0,03—0,04 2,4 3,8]6,2[0,8] 2,2]| 3,0/0,1]| 2,5] 2,6/0 2,21 2,20 2,7 2,7|10,310,8| 1,4 0 [ 1,4{1,1
0,04—0,05 [1,7] 2.6] 4,3/1,9{1,6] 3,5/0,3} 1,7 2,0/0,2| 1,9 2,1{0 2,2[2,210,510,711,2] 0 | 1,0/ 1,0
0,05—0,06 {0,9|2,0{2,9/1,7]1,2| 2,910,3] 1,3| 1,6/0,5] 1,5 2,0/0 1,9, 1,9(0,5{0,7] 1,2 0 | 0,8 0,8
0,06—0,07 {0,5| 1.5{ 2,0{1,2| 1,0 2.2{0,2{ 1,1] 1,3]1,1| 1,4} 2,50 1,6/ 1,6(0,6(0,0| 1,2| 0 | 0,8/ 0,8
0,07—0,08 {0,2] 1,31 1,50,7| 0,8] 1,5/0,1| 0,9} 1,0{1,5| 1.1] 2,6/0 1,4 1,470,7:0,6] 1,3/ 0 | 0,9/ 0,9
0,08—0,09 10,4 1,1} 1.2{0,4| 0,7 1,1/0,11 0,8,0,9/41,7| 1,0] 2,70 1,2 1,210,810,6|1,4 0 10,8 0,8
0,09—-0,1 |0,111,0] 1,10,3] 0,6} 0,90 0,7} 0,711,6( 0,9 2,50 1,11 1,110,810,5( 1,3/ 0 | 0,8 0,8
0—-0.1 6.6(77,6(84,2| 7,132,9140,0]1,037,4|38,4| 6,6 [22,5|129,1 [0 |27,1]27,1| 4,4|8,3|12,7] 0 {12,7|12,7
0,1—0,2 |0,1]| 4,8} 4,9/0,6] 2,9| 3,5{0,1] 3,4| 3,5/ 7,2| 4,6[11,8{0,1| 5,7| 5,8/11,0;4,0|15,6] 0 { 5,6 5,6
0,2—-90.3 |0 2,31 2,3/0 1,41 1,40 1,7 1,711,1] 2,4 3,5[0 2,91 2,9 4,812,911 7,7 0 13,9 3,9
0,3—0,4 1o 1,6] 1,6/0 1,0 1,010 1,1 1,1(0,2}1 1,6 1,8|0 2,00 2,0 2,4/2,1] 4,50 0 | 2,9 2,9
0,4—0,5 [0 1,31 1,3|0 0,8] 0,80 0,9/ 0,9,0,1( 1,3/ 1,410 1,6 1,6 1,4/1,8] 3,2f 0 | 2,5 2,5
0.5—0.,6 (0 [1,0]1,000 {o0,7]0,710 |0,7 0,70 |1,44,4]0 | 1,3/ 1,3 1,0[1,6} 2,6 0 |2,2] 2.2
0,6—0,7 |0 1,01 1,010 0,6]0,6{0 - 0,6] 0,6/0 1,01 1,010 1,1 1,11 0,7|/1,41 2,1] 0 | 2,1] 2,4
0,7—-0,8 |0 0,9/ 0,90 0,5] 0,50 0,6 0,6/ 0 0,9/ 0,9|0 1,1t 1,1] 0,5/1,5) 2,0 0 | 2,0 2,0
0,8—0,9 |0 0,91 0,90 0,51 0,5[0 0,6; 0,6(0 0,9/ 0,90 1,1t 1,1) 0,4/4,41 1,8 0 | 1,9 1,9
0,9—-1,0 |0 1,11 1,40 0,6| 0,60 0,7 0,710 1,4] 1,1]0 1,3 1,3} 0,4[1,712,11 0 | 2,3] 2,3
1,0—-1,¢ (0 10,910,90 0,6 0,6{0 0,7, 0,7{0 1,0/ 1,0(0 1,1} 1,1} 0,4/ 1,691 2,0 0 | 2,2] 2,2
1,4—1,2 |0 0 0 |0 0 0 |0 0 {0 |0 0 J0 |0 0 {0 |3,50 3,5 0 {0 0
1,2—1,25 |0 0 0 {0 0 0 |0 0 {010 0 {0 |0 0 {0 ]0,40 0,4 0 [ O 0

|
Note: @) Photoelectrons ; K) Compton electrons.

. Translated from Atomnaya Energiya, Vol, 32, No. 1, pp. 75-77, January, 1972. Original article
submitted February 23, 1971; revision submitted July 12, 1971,

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for §15.00.
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TABLE 2, Relative Number of Electrons found from the Klein— Nishina formula [1] by integrating
and Fraction of the Energy Carried by Them over all scattering angles, The photoabsorption cross
in the Ranges 0-0.1 and 0.5-1.25 MeV section is determined from experimental data, Since
‘ Ratio of ’ analytic expressions for the cross sections are more con-
number of [Energy in. s s :
enersy range|ElECHONS 0 [range to to- venu?nt than tables in Monte Carlo calculations we ap-
System gy rang tb%tra}) fn“gl_' te%l %?er y_ proximate the experimental values. of the photoabsorption
MeV marye?ec-_ ?rois iﬁ o cross sections by expressions of the form
ch;gs’ 1:710rr11x mixture G@———‘A—I—BOL_C, . . (1)
Water 0 g:?’éS Sg . 8’%3 where « is the energy of a gamma photon in units of the
T ' ' rest energy of an electron myc% A, B, and C are co-
Aluminum 0—0,1 78 0,19 efficients given in [2]. The total cross section for the
—water 0,5-1,25 7.6 0,58 interaction of a gamma photon with a given component is
Copper—water O,g:(i):é{) ?g 8,’%:1% the sum of the cross sections of both processes.
- Since a two-component mixture is considered, the
Platinum-water| =01 - 9:03 probability of an interaction with the individual components

must be found. Knowledge of the probability of an inter-

‘ action with atoms or molecules of individual components
of the mixture permits a lottery with a set of random numbers to determine the component with which the
interaction occurred and whether it was Compton scattering or photoabsorption, If Compton scattering oc-
curred, the energy of the scattered photon must be found from the Klein— Nishina formula, A lottery to
draw the energy directly from the Klein— Nishina formula is difficult, however, since this requires solving
a transcendental equation [6]. . A number of algorithms [7-9] have been developed for drawing the energy of
a gamma photon after Compton scattering without using the Klein— Nishina formula. We used the algorithm
proposed in [6] as the simplest and the one requiring the minimum expenditure of machine time.

The energy of a primary electron ejected in Compton scattering is equal to the difference of the in-
cident and scattered photon energies; this is the energy recorded in the calculation. The energy of an elec- .
tron ejected in a photoelectric absorption is equal to the energy of the absorbed photon minus the ionization
energy. The electron spectrum obtained from the calculation is in the form of the numbers of primary
electrons ejected from atoms and molecules of each material,

The calculation was performed on a Minsk-22 computer. Up to twenty thousand histories were traced
in each case. The maximum calculational error is 159% and the average is 5%.

RESULTS AND DISCUSSION

The results of the calculation are shown in Table 1. The number of ejected electrons with energies
in a given range is given as a percentage of the total number of electrons ejected in a given mixture., Since
most of the electrons are created with energies below 0,01 MeV, the 0-0.1 MeV range was subdivided into
10 subintervals for the calculation. The weight ratio of the components in the two-component mixtures was
1:1,

It is clear from Table 1 that most of the Compton electrons have energies below 0.1 MeV. There is
a particularly large number of such electrons in water and in mixtures of light materials,

Table 1 shows that the total spectrum of ejected electrons has a maximum in the 0-0.1 MeV range for
all the systems studied. However, in spite of the fact that electrons with such energies are in the over-
whelming majority, their total energy is relatively small, Table 2 lists the relative number of electrons
and the energy carried by them as fractions of the total energy of all primary electrons in the mixture for -
the low-energy range 0-0.1 MeV and the high-energy range 0.5-1.25 MeV,

The averége number of electrons ejected per gamma photon was also found in the calculation, This
number is smaller the larger the photoabsorption in the elements of the mixture, It is equal to 15, 11- 12,

6-7, and 3 for water and for the aluminum-water, copper—water, and platinum—water mixtures respec-
tively.

In conclusion the authors thank I. G. Kaplan for helpful discussions.
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ANGULAR DISTRIBUTIONS OF BREMSSTRAHLUNG FROM 12-22 MeV
ELECTRONS AS A FUNCTION OF TARGET THICKNESS

i V. P. Kovalev, V, P. Kharin, . UDC 539.163:539.124
| and V. V. Gordeev

Most of the available reports of experimental and theoretical studies of bremsstrahlung from electrons
involve thin targets [1].

We have measured the angular distributions of bremsstrahlung for targets of Al, Ti, Cu, Mo, Ta, and
W having thicknesses from 0,01 X, to 2,2 X, where X is the radiation length, '

The target dimensions, the detectors, and the geometry of the experiment are similar to those used
in [2] except that in measuring the angular distributions the collimator in front of the detector was removed,
A 25 cm® ionization chamber with a 10 mm thick Plexiglas cap was placed 100 cm from the target.

The experimental results are shown in Fig, 1 and 2. The results not shown in the figures are given
in Table 1 as bremsstrahlung yields at various angles with the direction of the electron beam. The last
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Fig. 1. Angular distributions of bremsstrahlung as functions of thickness of
a tungsten target. Electron energy 22 MeV, copper detector: O) 0,036 X
X) 0.108 Xp; A) 0.18Xy; ®) 2.17 X,.

Fig. 2. Angular distribution of bremsstrahlung as functions of electron en-
ergy. Copper detector, tungsten target of thickness 0.036 X,: @) 22 MeV;
0O) 16 MeV; X) 12,8 MeV.

Translated from Atomnaya Energiya, Vol, 32, No, 1, pp. 77-79, January, 1972, . Original afticie
submitted February 8, 1971; revision submitted March 15, 1971,

© 1972 Consultants Bureau, a division of Plenum_ Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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TABLE 1, Relative Bremsstrahlung Y1e1ds

Aluminum Titanium
CH MeV MeV MeV MeV MeV MeV
gﬂ %" . cham-bv' - cham-
<3| e N Cus3 cu® chamber lber | €12 Cuss cuss - | chamber |,
0,0347/0,0116/0,0347]0,104] 1,5 |0,0116/0,347/0,104] 1,5 |0,0847] 1,5 | 1,5 | 0,03 0,01 ] 0,03 0,068| 1,09 | 0,01 0,03 1,09] 0,01 1,09 1,09
0 (1,0 1,0 1,0 1,0 1,0 11,0 4,0 |1,0 1,0 11,0 [t,0 [1,0 [1,0 (1,0 1,0 1,0 |t,0 1,0 1,0 1,0 4,0 1,0 1,0
2 10,52210,506 | 0,646 |0,663/0,695| 0,628 10,68 10,69 (0,70 {0,865 0,68 10,8 [0 ,094/0,51610, 657|0,684(0,72 |0,564/0,718|0, 738{0,594/0,69 0,79
4 10,25 10,207]0,3310,355|0,38 {0,307 |0,38 [0,40 (0,42 |0,452 10,50 0,5450,26 0,21810,339(0,362|0,44 [0,316/0,41 [0,482(0,40 [0,490{0,545
6 10,12310,0800,154(0,210(0,222| 0,126 |0,211|0,256{0,265| 0,36 |0,395(0,40 0,114(0,11 10,17 10,213(0,277 0,1780,2570,326 0, 29210, 345i0, 37
8 10,045[0,034{0,08210,1350,155 0,073 |0,1190,143]0,165| — — 0,310/0,057/0,05810,102/0,133|0,179|0,102/0,179{0,233] — ]0,264[0,26
10 10,022|0,016] 0,044 {0,090/0,114| 0,047 |0,085/0, 094{0,107] — — — 10,026(0,035}0,064{0,081(0,126|0,075(0,127|0,173] — [0,20 [0,21
1% 0,011]0,010( 0,025 [0,065]0,083| 0,020 |0,045[0,067|0,075] ~ — — [0,014(0,026/0,046/0,058/0,102[0,059|0,1040,152] — |0,184}0,18
0 4,2 4,0 5,3 [5,8 |6,4 |5,4 6,1 |6,5 16,9 16,5 8,0 |9,0 |4,8 |4,2 5,6 6,2 7,0 4,7 16,6 (7.6 5,4 7,7 8,6
Copper Molybdenum
MeV MeV MeV MeV MeV MeV
i Cu63 chamber Cu63 chamber | curz Cuss chamber Cuss cham-| cyes
0,034{0,084 o,ocs[ 0,17| 1,350,034} 1,35 0,034|0,oss 0,68 1,35 1,350,033 0,033|o,099 0,231] 1,82 0,033| 1,220,033|0,099] 1,32] 1,321 1,32
01,0 1,0 1,0 1,0 1,0 4,0 1,0 M,0 1,0 1,0 1,0 |1,0 4,0 1,0 1,0 [1,0 [1,0 |1,0 {£,0 {1,0 1,0 11,0
2 10,604|0,59710, b380 ()800 7040,6180,69 0,724(0,757{0,76 {0,74 0,81 0,608{0,619|0,642{0,70 |0,722{0,635|0,704 0,687(0,764(0,776{0,755(0,795
4 10,277)0,3480,345j0,42 (0,44 |0,416}0,475[0,428|0,458|0,50 10,53 (0,56 {0,257|0,306(0,391 0,468(0,486(0,426/0,51 [0,376|0,505[0,522|0,528|0,570
6 0,1‘160,'1620,2040,27 0,29 0,285{0,354]0,25410,27 [0,304/|0,404(0,40 |0,140|0,181(0,250]0,323(0,350{0,292(0,41 0,23010,33010,361/|0,416{0,385
8 10,05410,086/0,132|0,48 10,20 (0,20 [0,284|0,162/0,183]0,206(0,322|0,318]0,054|0,085[0,158[0,231|0,261]0,20 |0,33 0,139]0,22810,265|0,338(0, 285
10 10,023(0,052(0,086|0,135{0,146]0,137[0,236|0,098|0,126[0,147|0,267|0,27 0,¢ 32/0,042{0,101]0,160}0,185(0,13 0,27 0,0850,1()50,1940,2 0,21
12 0,01 10,034{0,054/0,10 [0,106]0,09 [0,191|0,077/0,10 0,115(_),2250,2300,0110,021 0,070{0,108[0,144)0,094|0,23 |0,059/0,114|0,146{0,22 0,16
0 |49 5,3 [5,8 6,5 |7,0 6,0 |7,2 (6,9 {7,5 [8,0 [8,7 9,4 |4,7 [5,3 [6,1 7,0 |7,6 6,2 18,4 6,2 18,0 18,4 18,8 19,4
) Tantalum | Tungsten
MeV . MeV MeV MeV MeV MeV
clz v ) ‘ Cuss ;;‘“" Cus3 ;h;"m" c12 Cub3 Cus3 ;cxm"“' Cubs3 l‘;—‘e':i
0,03 | 0,03 [0,09] 0,19] 1,9 | 0,03 0,03]0,09|0,19]| 1,9 | 1,9 (0,036 0,03s|0,103| 0,18 2,17 {0,036] 0,18 0,36 | 2,17 [0,036 0,036] 2,17 | 2,17
0ft,0 1,0 1,0 1,0 1,0 11,0 H,0 1,0 (1,0 {1,0 1,0 4,0 1,0 1,0 1,0 4,0 1,0 1,0 1,0 [1,0 [t,0 [1,0 1,0 1,0
210,576(0,60210,632(0,683(0,732(0,616/0,693|0,766{0,806/0,82 | 0,82 10,586{0,64 |0,64 |0,712(0,75 |0,704[0,76 0,763]0,77810,684|0,765{ 0,805| 0,84
410,232|0,304]|0,39 |0,432{0,474|0,41 10,386(0,514{0,558(0,575| 0,63 0,2480,2950,3940,4750,5060,42 0,512/0,53710,5570,48 {0,476| 0,621} 0,66
[ 0,0980.1080,253(),3050,3340,2920,1940,3430,3630,384 0,49 10,120(0,155(0,2580,326/0, 35410,25810, 342|0,396/0,42 |0,345/0,314] 0,44 | 0,49
810,038]0,085(0,15810,22210,256/|0,214(0,105(0, 218/0,267]0,295| 0,316(0,056|0,080|0,1660,218|0,276|0,174|0, 253]0,295/0,336/0,26 |0,222 0,331 0,3
10 10,016}0,046]0, 102]0, 146]0,19910,153(0,063|0,148(0,197(0, 236/ 0,25 |0,025/0,045{0,11 (0,15 0,215/0,122/0,192/0,217|0,258/0, 195!0,165| 0,25 | 0,27
1% 0,009}0.029]0,077|0, 112}0,152{0,115(0,039(0,097[0,152[0,176| 0,246|0,015|0,024(0,08 0,1040,1650,0880,1530,1760,2170,1430,133 0,207} 0,25
04,5 5,4 |5,9 (6,8 [7,5 |5,9 |6,3 [8,2-[9,0 |9,4 (11,6 [4,8 [5,2 [6,0 (7,3 [8,2 6,5 [8,2 8,9 9,4 (7,4 |7,4 10,6 (11,6

Note: Cu'?, Cu%chamber~detectors: boldface figures indicate thicknesses in X,.

.

line of the table lists the widths of the distributions at half maximum §. The statistical errors of the mea-
surements are less than 1% at 0° and 3% at 12°.

The following conclusions can be drawn from the experimental results:

1. A very pronounced increase in the width of the angular distribution with increasing target thick-
ness is observed up to thickness corresponding approximately {o the maximum bremsstrahlung yield (Fig. 1).

2. The widths of the angular distributions § for targets of the same thickness but different atomic
numbers Z are the same within 3% for thicknesses up to 0.1 X, in agreement with theory [3]. The width
of the angular distribution increases with increasing Z for thicknesses greater than 0.1 X,

3. For constant target thickness t in the range t > 0.1 X the slope of the curve for § as a function
of the electron energy increases with increasing Z,

4. The width tends to increase with a lowering of the threshold for recording bremsstrahlung, With
an increase in the angle the difference in the angular distributions measured by detectors with different
thresholds becomes more noticeable as predicted theoretically by Hisdal [4].

The dependence of the width of the angular distributions on electron energy, thickness, and atomic
number of the target in the range of target thicknesses and energies examined can be described by the semi-

empirical expression
—b(Z) R .
=20,+a(E, Zye ¢ deg 1)
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where 94 = 57.28 mc/ E; mye?=10 .511 MeV; E is the electron energy in MeV; tis the target thickness in
radiation lengths; and @ (E, Z) and b(Z) are functions of the electron energy and the atomic number of the
target material, '

The functions a(E, Z) and b(Z), determined from the experimental data, have the form:
' a(E, Z)=(517—1.321g E+ 2.28-10"2Z)

for the Cu® detector:
a(E, Z)= (4. 72—1 8261gE+7 62:1072Z)

for the ionization chamber; -
b(Z) = (5.1-10+ 3.1.10-42).

The widths of the angular distributions of bremsstrahlung calculated by Eq. (1) do not differ from the ex-
perimental values by more than 10%,

A comparison of the experimental angular distributions of bremsstrahlung with theory confirms the
conclusion.of Lanzl and Hanson [5] that the use of the Moliere formula [6] for the angular distribution of
electrons gives better agreement with experiment than does the Schiffexr and Lawson (3, 7] theory in which
the Williams [8] and Rossi and Griesen [9] formulas are used for the angular distributions of electrons.
The calculations were compared with measurements made with a copper detector, The Lanzl and Hanson
calculations give good agreement with experiment for small angles ( 8 = 50) and target thicknesses less
than 0.1 Xo.
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MATCHING OF ACCELERATING CHANNELS IN A HIGH ENERGY
PROTON LINEAR ACCELERATOR

B. I. Bondarev and L., Yu. Solov'ev UDC 621,384.,64

To achieve particle energies of the order of 100f200 MeV in a linear proton accelerator, a transition
is made to an accelerating field of shorter wavelength. With a wavelength reduction by a factor n, the phase
width of a bunch becomes n times larger, as measured in the phase scale of thé shortwave section, while
the phase capture area of the shortwave section remains the same as the capture areas of the longwave sec-
tion. ’ : :

At the same time, the momentum width of a bunch remains practically unchanged during the transition
into the second section; it is less than the momentum capture area. Therefore the phase width of a bunch
can be decreased at the entrance to the shortwave section by virtue of an increase in the momentum spread
of the particles, ' : :

Known devices for matching accelerating channels* requlre the introduction of a third, intermediate
wave, The construction of such devices requires rf oscillators, accelerating systems, and other equip-
ment operating at the intermediate wavelength. The two matching devices described below operate at the
wavelength of the first, longwave section of an accelerator, :

The first of the devices is a_,cavity installed between the two sections of the accelerator and operating
at the frequency of the longwave section. The frequency of the longitudinal oscillations in this cavity is
greater than the frequency of the longitudinal oscillations in the other cavities of the longwave section of
the accelerator., The cavity length is equal to an odd number of quarter wavelengths of the longitudinal os-
cillations.

Increases in the frequency of longitudinal oscillations in the matching cavity is achieved by an increase
in synchronous phase (to 60-70°) and amplitude of the rf field (to maximum permissible values). This cavity
also accelerates particles but with lower efficiency,

The operating principle of the matching device is shown in Fig. I. We consider the phase plane (¥, h),
where ¥ =¢— ¢, h= (p Pc)/Pe, Qandp are the phase momenta of the accelerated particles, and Yo and
pc are the phase and momentum of the center of the bunch,

Loggytalgg H iShortwave section ~ We assume that the particle coordinates in this plane at
the entrance to the matching cavity of the longwave section
I~ :M'atchmg m— =— = lie within the shaded ellipse A, In proportion to the accel-

, eration in the matching cavity, the particle image points

in the phase plane are shifted into an ellipse which is more
elongated along the ordinate when compared with the ellipse
which is the envelope of the bunch because of the higher
frequency of longitudinal oscillations in the cavity., After

N

IS

P a quarter cycle of the longitudinal oscillations, i,e,, at
~ the exit of the last cavity of the longwave section, the bunch
0 will have the shape of the shaded ellipse B. The phase
Fig. 1. Matching accelerating channels with *A. D, Vlasov, Theory of Linear Acceleration [in Russian],
a quarter-wave cavity. Atomizdat, Moscow (1965), p. 75.

- Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 79-81, January, 1972. Original article
submitted December 18, 1970.

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permzsswn of the publisher. A copy of this article is avatlable from the publisher for $15.00.
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Fig, 2, Matching of accelerator channels by using a drift space
and matching cavity.

dimension of the bunch is reduced and the momentum spread increased while the area of the image ellipse
is preserved., Such an ellipse better fits in the capture area of the shortwave section, Optimum matching
can be achieved by choosing the synchrotron phase and amplitude of the accelerating field in the matching
cavity. .

The second device consists of a drift space and matching cavity at the end of the longwave section.
The wavelength, synchronous phase, and field intensity in the matching cavity are chosen to be the same
as in the other cavities of the longwave section, and the cavity length is selected such that the longitudinal
dimension of a bunch at the exit from this section of the accelerator is minimal, ’

 Consider the operation of such a matching device. Let Q be the frequency of the longitudinal oscilla-
tions at the exit of the next to last cavity and in the last, matching cavity of the longwave section (we neglect
adiabatic variation of parameters in it), As before, we assume the particle coordinates in the (¥, h) plane
at the exit of the next to last cavity lie within the ellipse A (Fig. 2), which satisfies the equation '

2 h?
Bt =1, | 4 (1)

with ® and H the semiaxes of the ellipse A, which are related by the expression H = (Q¥¥w)®, where w is
the frequency of the accelerating rf field; v = (1~ 8%)~Y2; 8 = v/c; v is the particle velocity; and ¢ is the
velocity of light, After passing through a drift space of length Lg,., the particle representative points are
displaced parallel to the abscissa by an amount —kh, where k = 27Lq,/fAY? and A is the wavelength of the

. accelerating field. The ellipse A transforms into the ellipse B, the equation for which is

kR)Z | B2
(“’Jg,z ) +m=1 _ (2)

After drifting, the particles arrive at the matching cavity and the ellipse B is rotated by an angle
/2 + @ in proportion to the acceleration in the cavity, and is transformed into the ellipse C, the axes of
which coincide with the coordinate axes. The matrix M which describes the transformation of coordinates
at the cavity entrance into the coordinates at the exit is * - '

. . w .
—sina, oy cos o ) '
= oy . . (3)
-—0)— cosa, —Ssino
Subjecting the coordinates ¥ and h in Eq. (2) to the transformation (3), we obtain an equation for the

ellipse C at the exit of the longwave section. To make the axes of the ellipse C coincide with the coordinate
. axes, we set the coefficient of the ¥h term equal to zero in the equation for this ellipse. Then

1 2

a=5arctg—”7, : (4)
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where m = (QYz/w)k. Substituting the resultant value of @ in the equation for the ellipse C, we find that its
phase spread is reduced by a factor ® in comparison with ellipse A:

x='1/1+’"72+m]/1+”‘72, | . ' (5)

and the momentum spread of the particles is increased by the same factor,

By selecting Lg,, the shape of the elhpse can be optimally matched to the capture area of the short-
wave section

It is easy to show that nonlinearity and nonconservation of longitudinal motion, as well as random per-
turbations of it, do not reduce the practical efficiency of the matching devices discussed.,

In principle, the matching devices dlscussed above can be used where there is a need for linear trans-
formation of bunch phase space.

In high-energy and high—current linear proton accelerators (meson factories, neutron generators),
matching devices can be used for matching the accelerating channels of the longwave and shortwave sections
of the accelerator, making it possible to prevent particle loss and to increase operational rehablhty and
acceleration efficiency, In linear accelerators used as injectors for proton synchrotrons, matching of ac-
celeratmg channels helps to decrease particle momentum spread at the accelerator ex1t along with an in-
crease in acceleration efficiency.
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EFFECT OF NONLINEAR RESONANCES ON BEAM DIMENSIONS
IN THE 70-GeV ACCELERATOR

V. I. Gridasov, K. P. Myznikov, N UDC 621.384.6
and V, N, Chepegin :

The emittance of an accelerated proton beam is one of the most important parameters determining
the operating efficiency of an accelerator extraction system. However, the very first measurements made
at the IHEP (Institute of High-Energy Physics) showed that beam emittance at the end of acceleration dif-
fered considerably from the calculated value [1]. Our present purpose is the clarification of the reasons
for this effect and an experimental study of the possibilities for suppressing it.

The dependence of horizontal and vertical dimensions of the beam on the magnitude of the magnetic
field in the accelerator is shown in Fig. 1, In this case, acceleration was produced at the central radius
beginning at 4000 Oe. The beam dimensions were determined by means of internal targets. A target was
introduced into the beam at a given time in the acceleration cycle. Its position could be.changed both

®_r, Z, ‘Lpa ‘;Q,,a Q\ 5, %(/
25 s &, 7
) 40, =39 4
// !
. S 2
. . . : / " 2
20 IS /B <

»
N

15 -
‘ / 30,/ -
N \.\..‘ / 2 : ¢ <~
\\

10 — 12
\ *“’/o_.,q . X ar‘w"’/ o

A 7
el i

5 hadal ST 3 %'* | /

51 .
4000 6000 8000 70000 H,Oe 3 36 97 ar
Fig. 1 : Fig. 2

Fig. 1, Dependence of horizontal (1) and vertical (2) beam dimensions in a ra-
dially focusing section on the magnetic field in the accelerator during accelera-
tion at the central radius. ----) The same dependence when a correction was
introduced into the magnetic field gradient in the accelerator,

Fig. 2. Operating regionfor the frequencies Qy, 5 with linear resonances to fourth
order., 1-6) Operating point trajectories for radial beam displacement at various
inductions; 1) 4000, 2) 9000, 3) 10,000, 4) 11,000, 5) 11,500, 6) 12,000; aa, bb, cc)
operating point trajectories corresponding to acceleration at radii <AR> equalling
—10, —5, and 0 mm; AB) operating point trajectoi‘y with gradient correction,

Translated from Atomnaya Energiya, Vol, 32, No, 1, pp. 81-82, January, 1972, Original article
submitted January 6, 1971; revision submitted May 10, 1971,

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 3. Dependence of the horizontal (1) and vertical
(2) dimensions of the accelerated beam in a radially
focusing section on its motion at various radii during
the flat portion of the magnetic field for H = 12 kOe.

vertically and horizontally with an accuracy of 0.5 mm. The edge of the beam corresponded to that target
position for which no limitation on the accelerated beam intensity was observed as measured by signal elec-
trodes with an accuracy of a few percent. Figure 1 indicates beam dimensions in both planes increase
starting at a field of 9 kOe when the effects of iron saturation become noticeable. Furthermore, the na-
ture of the dependence is determined by the mean radius of the accelerated beam orbit, In order to explain
this effect, the dependence of betatron oscillation frequencies on radial position of the beam [2] was mea--
sured for various values of the magnetic field in the accelerator. The frequency cell Qy,z is shown in Fig.
2; it shows how the frequencies change with radial beam displacement for various magnetic field inductions
in the accelerator, The lines aa; bb, and cc correspond to trajectories of operating point motion for accel-
eration at various radii. By analyzing Fig. 2, one can explain the increase in beam dimensions occurring

- above 9 kOe by the effect of the third order resonances 3Qz = 29, 2Qgz + Qr =29, and 3Qy = 29. The beam

dimensions during the flat portion of the magnetic cycle were studied as a function of radial position. The
results are shown in Fig., 3. They can also be explained on the basis of Fig. 2.

In order to eliminate the effect of the resonances, conditions were created for which the operating
point was in a resonance-free region, For this purpose, the beam was accelerated with an accuracy better
than £1 mm on the central radius starting at 4 kOe by choosing a rigorously defined law for the variation
of the accelerating voltage frequency. For this beam position, a current variation in the pole windings for
gradient correction was. selected for which the trajectory of operating point motion corresponded to the
curve AB (see Fig. 2), The measurements of beam dimensions in this case are shown in Fig. 1 by the
dashed lines, It is clear that there are practically no effects from nonlinear resonances, and beam dimen-
sions decrease up to the end of acceleration as a result.

On the basis of these studies, one can conclude that an increase in beam dimensions resulting from
the effects of nonlinear resonances occurs at the end of the acceleration cycle for acceleration at any of
the possible radii. By selecting the necessary law for correction of the magnetic field gradient for a given
radius of acceleration, one can avoid this effect and reduce the horizontal and vertical emittance of the
accelerated beam to values no more than 7 mm -mrad, The correction mode studied also makes it possible
to improve the time structure of secondary particle beams generated at internal targets; this structure
arises because resonances appear while the accelerated beam is being directed onto the target [3]. The
correction mode studied makes possible an increase in extraction efficiency for both fast and slow extrac- .
tion. In slow extraction, the correction method discussed can be combined successfully with the required
correction for quadratic nonlinearity of the magnetic field [4]. The authors are grateful to A, A, Kardash,
V. V. Lapin, and V. G. Sinenko who provided operation of the gradient correction system during the ex-
periments. : '
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VALUE OF v FROM ENERGY BALANCE IN U233 AND Pu?3? FISSION

N. P. Kolosov, B, D. Kuz'minov, C UDC 621.039.512,23
A, I. Sergachev, and V. M. Surin '

'

The set of known experimental data characterizing the energy dependence of v is comprehensively
presented and systematized in {1]. However, the divergent results of different authors or the lack of suf-
ficiently detailed information about values of ¥ hinder to a considerable extent a detailed understanding of
the dependence of ¥ on neutron energy E,,. Because of this, it is advisable to use indirect data also to
clarify the energy dependence of ¥, The dependence of ¥ on E,, was analyzed [2-4] on the basis of energy
‘balance including the results of measurements on mass and kinetic energy distributions of fragments during
the fission of Thm, U235, U238, and Pu®? by neutrons with energies to E, = 6 MeV,

In this paper, a similar analysis was made for U3 and Pu®? in the neutron energy range 0-1.6 MeV.
For this purpose, the yields and kinetic energies of fragments were measured for fission of U3 and Pu??
by neutrons in the energy ranges 0-1.6 and 0-0.8 MeV respectively, The neutron energy resolution was
+ 50 keV, The method of measuring mass and kinetic energy distributions of the fragments has been de-
scribed [5]. The present results for Pu®? and those in [5] agree within the limits of statistical error (+ 100
keV). The average value of the results in these two papers was used in the energy balance analysis.

The dependence of ¥ on neutron energy E; can be represented in the following form [3, 4]
V(En) =% (E3) + & (AEy — AR+ AE}) + Avy, : (1)

where
AE, = E,—E; AE,— j AE, (M)Y (M)dM;
AEw (M) = Ex(M, E,) — Ex (M, E3);
Avy = S vy (M) AY (M) dM;

AY (M)=Y (M, E,)—Y (M, E2);

M is the fragment mass; Af% is the change in the mean fission energy because of redistribution of charges
between fragments; Y (M) is the yield of fragments with mass M; Ey is the kinetic energy of the fission
fragments; and o ! is the energy expended in the ejection of a neutron. In the analysis, it was assumed
Affz =0. The value of @ for Pu®® was 0.104 [4]. In evaluating the magnitude of « for U®3, the same meth-
od was used as in [4], using the results for fragment yields and kinetic energy when E; = 4.5 and 5.3 MeV,
The value @ = 0,102 was obtained for U3, The values of 7 for thermal neutron fission of U?? and Pu®® —
2.48 and 2.8738 respectively — served as the reference values V[E}]. The results of the analysis are shown
in Fig. 1. All the v values were taken from [1] in accordance with the calibration used there. The data
for U%3 in [6] is an exception. These results were calibrated with respect to the reference value for v at
E, = 400 keV. The reference value was selected by analysis of the fission energy including the dependence
of EK on Ej obtained in [7]. Since the present experimental results and the results in [7] do not agree, the
reference value of ¥ at E,, = 400 keV was renormalized with allowance for the present results. The solid
line in Figs. la and 1b shows the energy dependence of v obtained by analysis of fission energy balance,
The same figure shows the results of measurements of the dependence of Eg on Ey. :

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 83-84, January, 1972, Original article
submitted February 25, 1971.
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Fig. 1. Energy dependence of 7 for Pu®? (a) and U®® (b). Experimental data taken
from [1]; ) our recommendations, Average kinetic energy of fission fragments
for Pu®? (c) and U3 (d): @) present work; O) results of [8].

It should be remembered that the reliability of the results for the energy dependence of ¥ is deter-
mined in many respects by the validity of the assumptions used in the calculations., The small value of «
for Pu®? and U3 is obviously associated with the presence of some process which reduces the average fis-
sion energy. In particular, the redistribution of charges between fragments or the broadening of the charge
distribution (3, 4] can be related to such phenomenon, However, the value of the parameter « is not criti-
cal for the neutron energy region under consideration, and if the effects not considered in the computation

“of @ occur mainly at higher neutron energies, this has only a slight effect on the results of the calculation
to determine the energy dependence of v,

The authors are grateful to N, P, D'yachenko and V. F. Mitrofanov for help with the measurements.
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ABSOLUTE MEASUREMENTS OF THE QUANTITY a FOR U235 AND
Pu?d? IN THE NEUTRON ENERGY REGION OF 10 keV-1 MeV

V. N. Kononov, E, D, Poletaev, UDC 539.172.4
Yu. S. Prokopets, A. A. Metlev, ’
and Yu., Ya., Stavisskii

The aim of this experiment was to obtain new experimental data on the quantity « for U™ and pu?®?

in the most important neutron energy interval for fast reactor calculations, 10.keV-1 MeV. The experi-
ment was performed with a time-of-flight spectrometer on a pulsed electrostatic accelerator. The method
of measuring the quantity o was based on the use of a large liquid scintillation detector (scintillation tank)
charged with cadmium [1-3], which served for the detection of radiative capture and fission events by prompt
¥-rays and for the identification of capture and fission events by detecting fission neutrons after their mod-
eration and absorption in the cadmium. By this method the value of @ may be obtained from the relation

_ &t NyN,[1—C (1—P)|—C (1—P)
& e A—=P)=N.P/N, ' (1

where N; and N, are the two types of detected events: single events (primarily capture), and events accom-
panied by the detection, during a certain required time interval, of supplementary pulses from the fission
neutrons '(primarily fission); Eye and sy‘f are the efficiencies for the detection of capture and fission events
by prompt Y-rays; C is-the probability that the fission event will not be accompanied by the detection of
fission neutrons in the required time interval; P is the probability that the event is accompanied by ran-
dom background pulses. '

The experiment to measure the quantity o for U®% and Pu®® was performed on a pulsed electrostatic

~ van de Graaf accelerator, The parameters of the proton beam on the accelerator target were: length of

current pulses, 20 nsec; size of pulse current, 1 mA; pulse repetition rate, 300 ke, The measurements
were conducted ona 1,125 mbase with 18 nsec/m resolution using a continuous spectrum of neutrons from
"thick" targets for an energy range of 10-80 keV and in an experiment on monoenergetic neutrons with a
resolution of 10-30 keV in the neutron energy region of 100 keV-1 MeV. The Li"(p, n)Be’ and T (p, n)He®
reactions served as the neutron source, Metallic lithium targets and standard T— Ti targets were used,

The detector was a scintillation tank with a 400 liter volume, with a cylindrical cavity in the center
of it filled with an aqueous solution of cadmium nifrate, which is a convertor for the detection of fission
neutrons. This type of detector construction permitted us to obtain a high concentration of cadmium nuclei
(H: Cd = 100:1) and thereby to decrease the life time of neutrons in the detector, The length of the required
time interval was taken to be 6 isec on the basis of the measurement of the distribution of fission neutron
life times in the detector with a fast-acting fission Cf%*2 chamber [4]. The electronic apparatus used in the

- experiment permitted the measurement of the neutron energy by the time-of-flight method, the identifica-

tion of neutron radiative capture and fission events, the measurement of the pulse-height spectra for the
detector in the detection of capture and fission events, and also the measurement of the fission probability
C using ionization chambers and, in the course of the experiment, of the probability P. To determine the
value of @ a sample of metallic Pu®? with a diameter of 40 mm, thickness of 2.9 .10% nuclei/cm?, and Pu?4?
content of 0.2%, and a 4.1 -10%! nuclei/cm? thick U0y sample enriched with up to 90% U?% were used. More-
over, to measure the dependence of the background level on the time-of-flight, equivalent scattering sam-
ples of carbon and lead were used. The quantity C was determined using fast fission ionization chambers

Translated from Atomnaya Energiya, Vol, 32, No, 1, pp. 85~87, January, 1972, Original article
submitted April 29, 1971, '
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Fig. 1. Dependence of the quantity @ for U5 on neutron energy: o) FEI, 1970, present
study; V) LASL, 1962, [1]; ¥) ORNL, 1964, [2]; O) ORNL, 1967, [3]; ®) IAK, 1956,
[51; ©3) FEI, 1958, [6]; x) FEL, 1965, [7]; --C--) UCRL, 1970, [9); --m--) OIYal,
1965, [10]. '
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Fig. 2. Dependence of the quantity a for Pu®?® on neutron energy: e) FEI, 1970, pres-
ent study;_V) LASL, 1962, [1]; O) ORNL, 1967, [3]; V) IAE, 1956, [5]; } FEI, 1958,
[6); x) FEL, 1965, [7]; --00--) UCRL, 1970, [9); --O--) OIYal, 1970, [14]; --[]--) ORNL
—RPI, 1970, [11]; --m--) Ha_rw, 1970, [12]; --<—-) OIYal-FEl, 1970, [13].
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[4] with coatings of U®® and Pu®’. In experiments with plutonium this quantity for our detector was Cp,239
= 0.,2955 £ 0.0073, and in experiments with uranium, Cyy235= 0.2962 * 0.0063. Moreover, to control the
conditions of the experiment the quantity C was periodically determined in the process of the experiment
through the detection of spontaneous Pu® and Cf?*? fission events, During the analysis of the experimental
results for high neutron energies a small correction for the dependence of the probability C on the average

‘number of fission neutrons v was introduced.

The values of the quaritity @ obtained in the experiment for U*® and Pu®? are presented in Figs. 1 and
2. They are the result of averaging five independent series of measurements for U®5 and nine for Pu??,
The error indicated in the figures is root-mean-square error obtained as a result of averaging and does
not include the indeterminancy of the constants of the experimental apparatus 8');f/ Eye and C, characterizing
thereby the indeterminancy in the relative energy dependence of the quantity «, The total absolute error
of the quantity ¢, including the indeterminancy of all quantities in (1), is 10-15%. The majority of experi-

-mental data  available at present on the quantity « in the region of neutron energies 10 keV-1 MeV is also

presented in the figures,

It is possible to note a substantial agreement of all experimental data on Pu??® obtained on vande Graaf
accelerators by the analagous method. For U?® our data in the region of neutron energies 20-100 keV lies
systematically lower by 15% than the results of [1-3], However, it must be observed that in these studies
significantly thicker (~ 6 times) samples were used, and a detailed comparison evidently requires consid-
eration of the different effects of resonance blocking. The marked structure in the dependence of the quan-
tity @ on the neutron energy obtained by us both for U%?? and for Pu®? is worthy of attention. This structure
may be the cause of significant discrepancies in the case of U in the results of measurements of « by the
transmission method in the spherical geometry on photoneutron sources Sb—Be [5-7]. The presence of such
a structure in the quantity « is not surprising and may be linked with the strong structure in the fission
cross section, which for U%5 jn this region of neutron energies was recently discovered [8].

In conclusion the authors express their gratitude to A, I. Leipunskii, L. N, Usachev, A, I. Abramov,
and V. A, Romanov for their constant attention and cooperation in the completion of the present study and
also to V. 8. Shorin, M, V., Bokhovko, N, S, Kosulin, V. I, Volodin, and V. N, Kanaki for their participa-
tion in the preparation and conducting of the experiments.,
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CHILL-CASTING METHOD OF BITUMINIZING NATURALv
SORBENTS FOR Irl9%*

Kh. Daiev, G. Delcheyv,
G. Gradev, S, Simov, ,
and V, Zhelyazkov . "UDC 546.93

The chill-casting method of bituminizing the isotopes Cs!37, Ag!!® T1%0¢ Sr®, and Ca% retained on
natural sorbents (zeolite with clinoptilolite and vermiculite) has been described in the literature {1-3], This
article reports a study of Ir!92 sorption by several naturally occurring sorbents, and the fixing of those sor-
bents in bitumen by a method which we developed. ’

In contrast to the above elements, iridium ions in aqueous solutions tend to form various complexes
[4, 5] which have.the effect of complicating iridium sorption processes. Data are available on sorption of
iridium only on synthetic resins [6], none being available on sorption of iridium on naturally occurring sor-
bents. It seems that the complicated relationship between the different forms in which iridium occurs adds
difficulties to sorption of iridium on a specific cation or anion exchange resin. On the other hand, the lit-
erature contains descriptions [4, 7] of sparingly soluble iridium compounds with silver, mercury, lead,
thallium, etc., of the type MsIrA,, where M stands for silver, mercury, lead, or thallium, and the IrA,
denotes complexes of iridium in which A stands for C17, OH™, NO;, and so on. Sorbents of that type ex-
hibit high sorption power with respect to silver, mercury, lead, and thallium. We therefore undertook an
investigation of the iridium sorption conditions via precipitation reactions, i,e., we converted an appropri-
ate sample of sorbent to the silver, mercury, lead, cr thallium form suitable for precipitation reactions,
and passed a solution of iridium through the bed of sorbent, For example, in the case of the silver form
of the sorbent, a reaction of that type can be represented as follows:

3Agt 4+  ICl  — Ag.hCl
(from sorbent) (from solution) (on sorbent)

Sorption:of Ir!% on natural sorbents (zeolite and vermlcuhte) and bituminization of sorbents retaining
the isotope in questlon were investigated,

*This research was done at Vienna under IAEA contract,

%
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TABLE 1, Chemical Composition of Sorbents (%) ok
Sorbent | & 2: 2: 212 1%!2id|s|g o
w | =< o 8 |28 @& 20+
Zeolite l . oy
ith cli- 65,90]0,45(12,97|2,30] 0,43|2,12/4,93/0,08) — | — NN U N Y S O U S
M 12 3 4 56 7 8 9 10 11pA
noptiloht . . . .
Fig, 1. Dependence of sorption co-
T - 546 54 A 2 .
Vermicu 215,46| 5,41]4,03(23,84/0,61(0,28(0,82|5,93(1,31 efficient 1 of 1r1®2 on pH: 1) zeolite;
lite. ) . .
. ! 2) vermiculite.

Physics Institute of the Bulgarian Academy of Sciences, Sofia. Translated from Atomnaya Ener-
giya, Vol. 32, No. 1, pp. 87-89, January, 1972, Original article submitted May 20, 1971,
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TABLE 2, Results of Expériments on Sor— , TABLE 3, Specific Activity. of Natural Wa-
‘bents with Presorbed Cations ters and of Waters Washing Bitumen Block
Zeolite with clino- Vermiculite - Specific radioactivity, nCi/liter
ptilolite _ Water 1970 19714
specific ac~ kpecific ac- - _[No~ |De- _ |Feb-
t1Pv1ty, pulses sorp- tivity, pulses isorp- analyzed |Octo vem - lcemn- Jan n?— March
Cation /min-ml tion L“E_m_ll___ ton - . , ber {ber |ber (uary |ary
- co- itial]/solu- - s .
initialisolu- |28 initiali?0n - Water washing
solu- |passed | ... solu-‘lpassed | oy bitumen block | 7,045]0,012 0,025 0,018/ 0,028/ 0,170 |
tion |through *{tion through g with embedded} :
bed © |% bed ~ /0 Ir 192 \
Silver 2040 | 202 | 90,1 | 2040 | 148 [ 94,2 L
Mercury 2040 | 135 | 93,4|2040| 33 | 98,4 Radioactive  |0,044|0,013|0,020 | 0,017( 0,021] 0,170
Lead 2040 | 235 88,5 | 2040 | 299 85,3 fallout
Thallium 2040 | 1032 | 49,4 | 2040 | 857 | 58,0

| : The chemical composition of the sorbents used in the
1 200 mm i

naturally occurring state appear in Table 1; the grain size
belongs to the class. (-3.0; +0.3 mm). '

The initial solution containing the iridium in the form of
ammonium chloroiridite (NH,)3IrCly has a specific activity of
2040 pulses/min-ml. A specified volume of a solution whose
pH is controlled by buffers was passed through a sample of
sorbent at a specified flowspeed. The specific activity of the
initial solution and of the solution passed through the sorbent
was measured, and the sorption coefficient of iridium was cal-
culated, The results, plotted in Fig. 1, lay bare the compli-
cated dependence of the iridium sorption on pH, and the pos-
sibility of retaining as much as 50% (roughly) of the iridium on
the sorbents referred to. '

In the experiments staged with sorbents that had first
been converted to their silver, mercury, lead, or thallium
form, a solution of silver, mercury, lead, or thallium in ni-
trate form was passed through the sample, After washing with
distilled water.till a negative reaction was obtained for the cor-
responding ion, a solution containing iridium was passed through

Fig. 2, Layout of bitumen fixing unit: the sorbent, The results (Table 2) attest to the possibility of
1) bitumen bowl; 2) radioactive solu- sorption of Ir!% by natural sorbents in amounts of 98-99%, upon
tion of Ir'®%; 3) sorbent treated with prior sorption of silver, mercury, or lead,

silver nitrate; 4) fiber glass (glass
wool); 5) metallic gauze; 6) support
stand; 7) control valve; 8)-discharge
tube. '

Bituminization of sorbents retaining Ir!®2 was carried out

according to a procedure developed by the authors [1]. Stor-
. age-battern bitumen was used to make the bitumen bowl, which
was cast in a special metal chill mold, Two layers of sorbent
were laid down in the bowl (Fig. 2): a lower layer of vermiculite and a top layer of zeolite, A solution of
silver nitrate was passed through the sorbents, and after washing with distilled water, a solution of Ir!%
with total activity of 1073 Ci was passed at a flowrate of 15 to 20 ml/min. After that, the activity of the Ir1%
solution did not differ from the activity of the naturally occurring sample due to radioactive fallout,

The sorbents were washed with distilled water (silver and iridium were not detected in the wash wa-
ter), and after drying in air the bowl was sealed with molten bitumen,

The bitumen block with sorbent "loaded" with the radioactive isotope was left to stand in the open.
Measurements were taken on a monthly basis to monitor the-radioactivity of the water (rain or snow) wash-
ing the block, and the status of the surface of the block was observed visually.* The results, listed in
Table 3, show that the eluted radioactivity is of the order of magnitude of the amount due to radioactive fall-
out,

*The method of retention and the results of monitoring observations checking on the state of the bituminous
block and on the radioactivity of the collected atmospheric precipitation washing the block are described in
detail in [1]. '
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The investigations of Ir'® on natural sorbents (zeolite with clinoptilolite and vermiculite) established
the favorable effect of the presorbed cations: silver, mercury, or lead, on sorption of iridium through

the formation of precipitated compounds on the sorbents. The sorbents retaining Ir!®2 were bituminized by
the chill-casting method. :

The method proposed here expands the range of applications.of the chill-casting method for processing
low-level and medium-level liquid radioactive wastes. -
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INFORMATION

ALL-UNION IZOTOP AGENCY SERVING THE NATIONAL ECONOMY
EXHIBIT AT EXPOSITION OF ACHIEVEMENTS OF THE
NATIONAL ECONOMY |

V. A, Do-iinin

A topical exhibit designated as "All-Union Izotop Agency Serving the National Economy" was inaugu-
rated in September, 1971 at the Atomic Energy pavilion of the Exposition of Achievements of the National
Economy, This is the first time that an exhibit of that type has been set up at the Exposition, It consti-
tutes a sort.of report on the ten years of activities of the V/0 Izotop agency.

This agency, set up in 1961, -has been called upon to serve various branches of industry, agriculture,
science, and medicine in providing them with sources of ionizing radiations, radioactive and stable isotopes,
labeled compounds and rare earths, radioisotope process monitoring instrumentation, radiation techniques
and equipment, personnel shielding equipment, equipment for handling radioactive materials, electron
physics equipment, dosimetric and radlometrlc equipment,

The problems highlighted by various sect1ons of the exhibit are timely ones. The displays clearly
indicate how the problem of utilizing nuclear and radiation processes in science and in industrial practice,
posed in the resolutions of the XXIV Congress of the Communist Party of the Soviet Union, is being met.

There are seven sections in the exhibit.

The introductory section is devoted to the activities of the V/O Izotop agency and of its subdivisions,
The beautifully conceived display stands graphically illustrate the increased volume of V/0O Izotop deliveries
in 1970 over the 1965 level, in percentages:

Isotope productlon ........... Ceeiiieeiieraaes 200
Radioisotope process mon1tor1ng

deviCes |, ... ..uiiereevencencasiosssareasss 180
Electron physics, dosimetric, and.- .

radiometric equipment......... Ceeteieeaeen 350
Shielding and personnel protectlon e, .. 250
Radiation equipment ............... ceceesaias 150
Total volume of deliveries . veureeneensionnnanns 278
Volume of export deliveries..... cetereseens .. 676

It is also clear that the product1on of isotope equipment in 1970 increased by 318 items over the 1965
level, while the production of electron physics equlpment and of dosimetric and radiometric equipment,
was increased by 175 items.

The "Personnel protection and equipment for handling radioactive materials" division of the exhibit
informs visitors of measures taken in the USSR to ensure labor safety in work with radioactive materials.
Specimens of special plastic laminate protective clothing, as well as equipment for handling radioactive
materials, such as: various types of glove boxes, hoods and dry boxes, remote-control manipulating equip-
ment, protective devices, and conveying equipment, are on display in that section,

Several types of gamma-ray nondestructive testing instruments were on display in the "Radiation
equipment" section. At the present time, gamma-ray inspection and nondestructive testing is one of the

Translated from Atomnaya Energiya, Vol. 32, No. 1, pp. 91-93, January, 1972.
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Fig. 1. In the exhibit halls.

Fig. 2. In the exhibit halls,

efficient methods available in quality control of materials, parts, and equipment (with no need to destroy
or dismantle the equipment inspected), laying the basis for great strides forward in improving the charac-
teristics of goods manufactured, improving the reliability of machine parts performance, and preventing
damage to equipment, mechanisms, and parts. Visitors have the opportunity to become familiarized with
the RID-11, RID-21, Gazprom, andother gamma-ray nondestructive testing instruments, as well as acces-
sories for gamma-ray nondestructive testing instruments,

The radiation processing outfits designed for radiation research and radiation processes in biology,
medicine, chemistry, and agriculture, were presented at the exhibit in the form of diagrams, photographs,
and working mockups,

The neutron activation analysis section deals with one of the most sensitive and up-to-date methods
of ultimate analysis of the composition of materials, and displays a full-size K-1 neutron activation analysis
set for oxygen determinations and a diagram of the SO-1 neutron activation analysis system.

The "Radioisotope process monitoring instrumentation” section is the most representative one at the
exhibit, Automated measurements of forgings and automatic control of 2000-ton and 3000-ton hydraulic
drop forge presses with the aid of the RTP2-1S dual-channel radioisotope relay instrument have been in-
stituted at the V, I. Lenin Neva Machinery Factory, with improved forging precision, increases in the
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number of press strokes, better forging quality, and better working conditions resulting, Annual savings
of 59,000 rubles are reported.

Nine UR-8 radiosotope level gauges and 32 gamma relay units are in useat the Slavgorod chemical
plant, for monitoring flowrate and fill level of 11quef1ed gases and corrosive fluids. Savings of 200,000
rubles annually are reported.

‘The installation of three radioisotope liquid density gauges at the Nikopol'marganets trust ore pro-
' cessing mill in Grushevka has resulted in annual savings of 60,000 rubles,

Use of an ITShch-496 radioisotope thickness gauge on a coil cut-up line at the Novolipetsk metallur-
gical plant, with automatic sorting and grading of steel plate, made it possible to free 30 workers for other
assignments, and resulted in annual savings of 42,500 rubles,

The RRV-64 radioisotope gauges and weight controllers for paper and cardboard sheet, installed on
four machines at the Sloka paper and pulp combine, have constituted an efficient means of raising labor
productivity, achieving savings in raw materials and finished materials, and in improving product quality.
Savings resulting from the installation of RRV-64 devices on production lines have totalled 30-40 thousand
rubles per year per device,

The use of 120 radioisotope instruments on automatic process lines for interlocking in the event of
cutting tool breakage has yielded savings of 500 rubles annually per instrument, through curtailment of
scrap and turnover of tools.

The display stand of the Karaganda metallurgical plant, showing 172 radioisotope instruments in ef-
fective service for automated monitoring and control of the fill level of materials in tanks, for measuring
moisture content and weight of sinter burdens, ash content of coals, thicknesses of hot-rolled plate, and
analysis of raw materials and finished products, is of great interest, The use of 82 gamma relay units
in the sintering department of that plant, for automatic monitoring of the fill level of materials in hoppers,
has yielded 90,000 rubles yearly in savings. The display of the Krasnoe Sormovo plant gave an account of
automatic control of metals casting on a continuous steel casting machine, Savings have amounted to 160,000
rubles a year.

The "Electronic nuclear physics equipment" section presented full-size specimens of various types
of equipment, including: PP-9-2M, BP-100, and PP-15 scaling circuits, the Protoka proportional-flow
4m-counter, and many others, :

Dosimetric and radiometric instrumentation for monitoring the radiation environment and ensuring
radiation safety of personnel in handling of radioactive materials is on display: a pocket set of direct-in-
dicating DK-02 dosimeters with the ZD-5 charging device, the KID-20 set of personnel dosimeters, the
IFK-2, 3 set of personnel film badges, the IZV-1 portable dosimeter for monitoring the dust load in the
local air and the content of radon daughters in dust, the Ol'kha-1 aerosol radiometer, and the Araks dosi- -
metering device,

The "Stable and radioactive isotopes” section is set up in an interesting and attractive way, informing
visitors that the V/O Isotop agency is the general delivery agent for all isotope products in the USSR,

Many of the display stands present accounts of the applications of stable isotopes in chemistry, biol-
_ ogy, biochemistry, physics, and also applications of radioactive isotopes as labeled atoms in scientific and
industrial research, as sources of ionizing radiations in automatic process control and monitoring instru-
mentation,

The exhibit came to constitute a large educational forum for hundreds of specialists in the national
economy. Seminars were held for the benefit of specialists from various regions of the country on special
passes issued by the Exposition of Achievements of the National Economy of the USSR. to promote more
w1despread utilization of the atom for peaceful purposes,
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SEMINARS AND CONFERENCES AT V/O IZOTOP

While the topical exhibit "All-Union Izotop agency in the service of the national economy" was being
held at the "Atomic Energy" pavilion of the Exposition of Achievements of the National Economy of the USSR,
the All-Union Izotop agency was holding five seminars, The agenda of these seminars consisted of presen-
tation of reports on the agency's activities, The seminar participants were familiarized with the list of
devices, dosimetric and electron physics equipment, supplied to industry by the agency for research and
industrial use, and the new types of instruments planned for delivery in 1972. The seminars attracted a
total of 250-o0dd specialists: representatives of ministries, representatives of management boards, scien-
tific-researchand planning institutes, grass-roots level isotope 1aborator1es, organizations and industrial
. plants in the various cities and districts of the country.

The seminars will contribute to more widespread acceptance and utilizafion of radioisotope techniques
and equipment in the various branches of industry, agriculture, and in scientific and medical institutions
throughout the nation,

The three day seminar on the topic "Isotopes and isotope instruments in the national economy" was
held at the Scientific-Research Institute for Nuclear Physics, Electronics, and Automatic Control attached
to the 8. M, Kirov Tomsk Polytechnic Institute, in July, 1971, About 300 engineering and technical per-
sonnel from plants, scientific-research personnel, and party leaders took part in this seminar,

An "Isotopes in the service of humanity" exhibit was running concurrently with the seminar. This
exhibit displayed 250 items in isotope products, nuclear instrumentation, and personnel protection.

The seminar and the exhibit stimulated a good deal of mterest on the part of specialists in the city and
nearby localities,

A conference on "Radiation techniques in the automation of mines and ore processing plants" was held
at Donetsk on September 22-24, 1971. Specialists from power and machinery management bodies of mining
and ore combines dealing with automation, mine automation mechanics, and technology, and other special-
ists, were attracted to the conference. The implementation and perspective applications of radioisotope
equipment in the coal industry were discussed at the conference. The conference participants heard reports
on experience in the introduction of radioisotope equipment and practice at the Donetskugol', Artemugol’,
Makeevugol', Voroshilovgradugol', and Pavlogradugol' combines,

After hearing and discussing the papers and reports, the conference participants pointed out that a
lot of work has been done in recent years on applications of radioisotope equipment at plants and enterprises
in the coal industry.

The conference participants were afforded the opportunity of familiarizing themselves with the opera-
tion of automation instruments in the mines of the Krasnoarmeiskugol' mining and ore combine.

A seminar on "Applications of radioisotope methods and instruments in the chemical process industry”
was held in the "Atomic Energy" pavillion of the Exposition of Achievements of the National Economy of
the USSR in September, 1971, The seminar attracted 112 representatives of 40 chemical and petrochemical
plants, scientific-research institutes, organizations, and design agencies. The purpose.of the seminar was
to promote exchanges-of experience and information on the development of new radioisotope hardware, and
on the implementation of radioisotope techniques and instruments in various branches of the chemical pro-
cess industry.

The reporters drew attention to the increased number of studies and projects in applications of radio-
isotope instruments in the design of automatic process control systems, as well as the development of
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nuclear physics techniques for monitoring the composition and properties of chemical products, and im-
plementation of full-scale industrial methods for monitoring chemical processes with the aid of radioactive
tracers. Several chemical process plants and combines are already making use of a hundred or more
radicisotope instruments each, with appreciable savings and improvements in working conditions as a re-
sult, ’

The seminar participants acknowledged the need for more widespread acceptance of radioisotope in-
struments in chemical production processes, in order to facilitate further expansion of the utilization of
the achievements of applied nuclear physics in the chemical process industry, with emphasis on their use
in the production of mineral fertilizers, in the plastics industry, in synthetic fiber production, in the pro-
duction of ore processing raw materials, and in chlorine industry, where they be used to maximum economic
effect. ‘

On the initiative of the Ministry of Public Health of the USSR and the Moscow Scientific-Research In-
stitute for X-Radiology, a seminar on "Modern techniques and equipment for radiation therapy of malignant
neoplasms and clinical dosimetry" was held in September, 1971 at the "Atomic Energy" pavilion of the Ex-
position of Achievements of the National Economy of the USSR, Participating in this seminar were 130 ra-
diologist-physicians (radiation therapists). Of these, 80 were representatives of therapeutic—prophylactic
and scientific-research institutes in the republics of the Union.

The seminar participants heard reports in which the present state of the art and the developmental
outlook of radiation therapy and clinical dosimetry were examined.

The seminar participants recommended holding of future seminars on medical radiology, The feasi-
bility of scheduling a symposium on diagnostics and treatment of lymphogranulomatosis was pointed out.

A scientific-technical conference on "Applications of radioisotope instruments in the national economy"
in October, 1971, was held in the city of Dushanbe, There were four panel sessions at the conference, The
conference participants heard over 40 papers and reports discussing applications of radioisotope techniques
and instruments in the ore and mining industry, in the building materials industry, cotton growing, medicine,
and other fields. o o

The reporters noted that the Dushanbe reinforced concrete structures and structural parts plant is
making successful use of radioisotope equipment and techniques, with appreciable gains in the engineering
costs picture. Methods of nuclear geophysics are being used effectively in expeditions and laboratories of
the Geology Board of the Council of Ministers of the Tadzhik SSR. The Institute of Plant Physiology.and Bio-
physics of the Academy of Sciences of the Tadzhik SSR worked out a method for autoradiography of cotton
plants, and completed work on control of the transport of plant assimilants, Radioactive isotopes and sources
of ionizing radiations are being used effectively in some medical institutions in Central Asia for diagnostics
and treatment of various illnesses,

The conference contributed to exchange of experience on the applications of radioisotope equipment
in the national economy, and more widespread implementation of scientific-research developments in in-
dustry, '
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CONFERENCES

SIXTH ALL-UNION CONFERENCE ON SYNTHESIS, PRODUCTION,
AND APPLICATIONS OF SCINTILLATORS

L. Ya. Zhil'tsova, E, N, Matveeva,
and I, M. Stoletova

The regular VI All-Union conference on the synthesis, production, and applications of scintillators
was held in May, 1971, in Khar'kov.

A large number of the papers submitted to the conference dealt with research and development work
in the physics of the scintillation process in alkali halide crystals. A paper by L. M. Shamovskii and col-
leagues dealt with the nature of light diffusion centers and the conditions governing their formation in the
process of growing ionic crystals from a melt. The nature of light-scattering inclusions was studied in
the case of melt-grown fluorite crystals produced under a variety of melt conditions, It was shown that
elimination of light-diffusing inclusions brings about improved scintillator quality.

A report by E. M, Arm et al, dealt with the outlook for utilization of scintillation detectors with a
base of CsI(Na) single crystals at elevated temperatures. They established the advantage of these scintil-
lators over CsI(T1) scintillators. The scintillators investigated display a plateau in their counting charac-
teristic at temperatures 140-150°C, A large number of papers were devoted to investigation of the proper-
ties of these crystals, In line with the expanding opportunities for applications of CsI(Na) crystals, we note
an interesting paper submitted by I. I. Kisel' and N, I, Krainikov on growing CsI(Na) single crystals in a
horizontally rotating ampule. It was demonstrated that the growth rate of the single crystals can be in-
creased above five times over the rates used in growing single crystals by the Stockbarger method, Single
crystals grown at a rate of 11 mm/h are not inferior in their scintillation characteristics to the best single
crystals grown by the Stockbarger method at a rate of 2 mm/sh.

B. K. Damitov et al. proposed a new method for determining the intrinsic resolution of small-size
Nal(T1) crystals by using a photomultiplier with a large photocathode diameter. :

A report on an improvement in the technological process in mass production of polystyrene scintilla-
tors was submitted by a team working at the VIIMonokristallov (All-Union Scientific-Research Institute of
Single-Crystals) (O. A.Gunder, A, L, Lifshits, others), covering investigations of the technological factors influ~
encing the polymerization process and the scintillation properties of plastic scintillators, and presenting recom-
mendations on how to best fabricate them. '

G. P. Volosyuk et al. gave an account of the effect of such secondary solvents as naphthalene on the
optical and scintillation properties of element-containing (heteroorganic) plastic scintillators, which are
capable of raising the light yield of plastic scintillators by 30-35% when secondary solvents are used and
luminescence additives are selected.

O. A, Gunder and colleagues studied the effect of vinylxylene synthesié technology on the light yield
of plastic scintillators, It was demonstrated that an isomer of 2, 4-dimethylstyrene exhibits the best scin-
tillation properties.

Research on polymethylmethacrylate base plastic scintillators has been continued (S.A. Malinovskaya
et al.). Shortening of the fluorescence decay time and simultaneous increase in the amplitude of the light
pulse with increasing concentration of luminescent additives have been detected.
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A. E. Buklei et al, developed and investigated a2 1000 X 1000 X 20 mm counter based on such a plastic
scintillator of enhanced transparency. The counter efficiency was measured with a beam of relativistic
7 -mesons, and found to be close to 100% over its entire area.

Many of the reports presented were read at the panel on applications of scintillators and detectors
based on scintillator crystals,

A report by V, V., Chernikov (in the name of a team of colleagues at VNIIMonokristallov) was devoted
to a slow-neutron activation detector using plastic and liquid scintillators containing chlorine, bromine,
iodine, and zinc. Introduction of iodine into plastic scintillators proved most successful. Neutron record-
ing efficiency was 0.61 when plastic scintillators with a base of styrene and 10% diiodobenzene copolymer
was used. A liquid neutron detector with an efficiency = 0.66 was obtained by the authors upon mtroducmg
a tr1buty1phosphate solution of InCly into oz—methylnaphthalene

E. M. Burymov reported on applications of platelet type deuterated scintillators in fast-neutron spec-
trometry. Deuterated anthracene or naphthalene can be used as the platelet material, This scintillator,
in the form of a stack of alternately sandwiched deuterated (0.05 mm) and glass (0.1 mm) wafers, can pro-
vide an amplitude resolution of 1.3% and a peak-to-valley ratio of 30.

During the conference discussion, investigations of scintillators as detectors of long-wavelength x-
ray emission and of new scintillation detector units for x-ray equipment came under discussion (V.R. Al'per-
ovich et al.), as well as enhanced sensitivity in recording of ultraweak bioluminescence of living tissues
(E. V. Buyanov et al.), utilization of a low-background scintillation Y-ray spectrometer for investigating
radiation purity of several materials (V. D, Gorin), investigations of the characteristics of scintillation
detectors with the aid of light generators (Yu. N. Kuzin et al.), and so forth, Topics relating to the solu-
tions of those problems received a prominent place in the discussion. A report by E. I. Minsker on optical
adhesives with a polyorganosiloxane base was considered of great practical interest.

The conference proceedings will be published in the next collection of articles in the series "Single
Crystals, Scintillators, and Organic Phosphors™" issued by VNIIMonokristallov, Khar’kov. The next confer-
ence, the seventh, is scheduled for 1974, ~ :
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FOURTH CONFERENCE OF THE INTERNATIONAL NUCLEAR
DATA COMMITTEE '

M. F. Troyahov

The regularly scheduled IV conference of the IAEA International Nuclear Data Committee INDC) was
held in July, 1971, at the Homi Bhabha Atomic Research Center in Trombay (India). Theé conference was
attended by 14 INDC members, 13 representatives of various countries plus one IAEA representative, in
addition to six scientific advisors and observers,

The conference was opened with welcoming remarks by the director of the Center, H. Setna, who
emphasized the importance of nuclear data in the development of atomic science, particularly for India.
An isochronous cyclotron is being built in India (at Calcutta) to aid nuclear physics research there, and a
pulsed fast reactor is also under construction (near Madras).

The INDC conference agenda began with communications from the representatives of the several coun-
tries, dealing with work on nuclear data measurements made and reported over the past year, The basic
findings on new measurements were reported at the conference on neutron cross sections held in the
USA (Knoxville, State of Tennessee, March, 1971), and at a neutron physics conference held in Kiev May,
1971). Written reports of the activities on nuclear data studies in various countries are on file at the Ob-
ninsk nuclear data center, : '

Neutron standard data came under discussion at the INDC conference, Current "standards" for this
work are the nuclides H!, He®, Li®, B, C!?, U®%, The importance of working outa system of recommended
data on standards was stressed, and agreement was reached on the free exchange of estimated data on nu-
clear standards. This means that the estimated data on the nuclides mentioned, obtained in various labora-
tories throughout the world, will be made available for general use. '

The committee reviewed the status of the most important nuclear data, and discussed the principal
discrepancies found in the fund of data. It was reported that recent measurements of fission spectra at
Argonne and Karlsruhe have confirmed the Los Alamos data. An opinion was expressed on the need to con-
duct additional integrated experiments to secure information on fission spectra. In that connection, IAEA
scheduled its August, 1971 conference of specialists to discuss the findings of fission spectrum measure-
ments.,

Disparities in the determination of the number of secondary neutrons émitted in spontaneous fission
of Cf?%2, which still eludes explanation,  were discussed. The measurements will have to be continued, using
a variety of methods.

A suggestion was advanced to measure the energy dependence of the ratio of the capture cross section
of gold to the fission cross section of plutonium, with the object of clearing up some discrepancies in the
fission cross sections of Pu®? and U%S%,

A review paper authored by M. Sowerby (Britain) and V. Kon'shin (USSR) dealt with analysis of a set
of experimental values of the ratio of the radiative capture cross section to the fission cross section (a) of
the nuclide Pu®?, This review paper analyzes results reported by various authors, and suggests the rec-
ommended data.

A protracted discussion followed the presentation of reports on neutron data, particularly in the light
of the interaction between INDC and the Working Team on nuclear structures and reactions organized under
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IAEA sponsorship. The committee stressed the fact that neutron data retain unquestioned priority in any
nuclear data work, and that the entire activities of the team must be directed primarily toward the solution
of applied problems, with the team working under the supervision of INDC,

The conference heard reports on the work of nuclear data centers and on exchange of experimental
information between four such data centers. A conference of the four centers was held in October, 1971
at Brookhaven, facilitating thorough discussion of their activities.

The INDC IV conference discussed compiling a list of inquiries on nuclear data, At the present time
several inquiry formats, including some developed in the USSR, have been submitted to IAEA. In the com-
ing months all of these inquiries will be incorporated in a general list broken down by sections: reactors,
thermonuclear fusion reactors, system of guarantees. These lists will be revised on a basis of roughly
once every two years. ’

The INDC conference heard reports on nuclear data estimates activities. The agreement reached on
free exchange of estimated data based on "standards" is a first step on the path to free exchange of all es-
timated data based on "standards" is a first step on the path to free exchange of all estimated data. To
smooth the free exchange of these data and reach agreement on approaches to estimating techniques, IAEA
prepared and scheduled a conference of specialists on the subject for August-September, 1971. A seminar
on estimates of nuclear data was called in Rumania for the summer of 1972, In 1972, IAEA will be holding

_ a conference on neutron "standards," and in 1973 a symposium on the acquisition, compilation, estimates,

and dissemination of applied nuclear data, to be followed by the III general nuclear data conference sched-
uled for 1974,
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INTERNATIONAL CONFERENCE ON ELEMENTARY PARTICLES

I. A. Savin

The International Conference on Elementary Particles was held in Amsterdam (Holland) from June
30 to July 6, 1971 under the auspices of the Dutch Ministry of Education and Science and the University of
Amsterdam, with the support of the European and Dutch Physical Societies, and the active participation of
CERN.

The work of the Conference was centered on plenary meetings with raporteur's talks on broad topics
preceded by parallel section sessions where reports of original work or mini-rapporteur's talks on original
works were heard,

The Conference was attended by 590 scientists from many countries. About 440 original experimen-
tal and theoretical papers were discussed.

The plenary sessions were concerned with the following topics: high energy hadron physics (G. Gia-
comelli, H. Zats), medium energy hadron dynamics (R. Barluto, M. Deutchman, and R, Phillips), low
energy hadron physics (R. Dalitz, K. Shmid), weak interactions (K. Winter), electromagnetic interactions
(E. Drell), and hadron symmetry (K. Kallan). Two invited talks were heard: on the status of the CERN
proton—proton colliding beams (ISR) (K. Johnson) and on electron— muon universality (V. Telegdi).

The raporteur and invited talks will be published. The more interesting experimental results reported
at the conference are outlined below.

High energy hadron physics was represented, in the main, by work done at IFVE (Serpukhov) on the
70 BeV accelerator and by preliminary results from the ISR.

The results of measurement of the 7t, .K* and proton total cross sections on protons and deuterons
was at the center of attention of the conference, particularly the discovery at Serpukhov that the K+p total
cross sections grow at high energies. Much interest was aroused by the relatively slow decrease in the
wip interaction cross section difference [Agy (T£p) ~ p~1+?], According to other data from IFVE the total
charge-exchange cross section decreases with increasing energy at much faster rate (@, ~ p~1-2) up to 50
BeV. It was pointed out in discussions that there must be a change in the energy dependence in the = 200
BeV energy range or the well-known inequality (Aat)2 = const gy would be violated.

Thus, the results of measurement of positive particle total cross sections together with the previously
verified results on negative particles imply that the total cross section differences for m+p, K¥p, and p*p
continue to decrease with increasing energy. It follows that speculations about the possible violation of the.
Pomeranchuk theorem were premature, ’

Another direct method of verifying theories of the behavior of scattering amplitudes, and in particular
of measuring the behavior of the difference of total cross sections was used in an experiment performed at
IFVE by a group from Dubna in conjunction with groups from countries participating in OIYal (HPR and
ChSSR). This consisted in measuring fJ,, the a.mphtude for transm1ss1on regeneration of K§ — K% on
hydrogen, whose imaginary part is proportional to AO't (K —-K p) the difference of the Kop and Kop total
cross sections (or through isotopic spm invariance K'n and K~n). The results indicate that the modulus of !
the regeneration amplitude |f21|/ K ~ p~%5 while its phase (¢°1) is constant in agreement with Regge model
calculations and dispersion relations. It follows from these results that Aoy (Kg) — K%) decreases with
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increasing energy in agreement with requirements of the Pomeranchuk theorem. More accurate data
will be available in the near future on the energy behavior of |f21| and arg (go‘z’i)from American (3-10 BeV/C)
and Dubna (10-42 BeV/C) groups.

Much time was given at the conference to the presentation of preliminary results from the ISR. The
greatest interest was aroused by the announcement that the slope parameter (b) of the pp diffraction cone
has different values at a given center of mass energy S for different momentum transfer intervals (for in-
stance, for S = 2800 BeV?, b equals 12.8 # 0.2 and 11.6 * 0,15). This apparently reflects a decrease in
the growth of b as compared with extrapolations of the results of the Dubna group at the IFVE accelerator to
ISR energies. This fact implies that the effective proton radius ceases to grow at very high energies.

Many papers were devoted to medium energy hadron dynamlcs First of all, we consider papers on
elastic scattering. The combmed data shows that the pp and K™ p diffraction cones shrink with increasing
energy up to ~ 25 BeV/C, rt p shrinks slowly, pp shrinks and then reaches a plateau, while K™p does not
shrink at all. At large momentum transfers the cross sections have a complex behavior with minimums
and maximums. Some of these were observed for the first time.

For backward scattering there are peaks for all reactions except pp. Elastic Tp scattering is iden-
tical to pp scattering up to momentum transfers -of 6BeV/C?), The polarization of px, 7%, and K= scatter-
ing on protons has been studied in detail,

Among papers on inelastic two-body scattering, we note the first results on pp — 2, Z'Z*, 27, and
2K reactions. The first reaction exhibits a forward peak in the angular distribution, while the second has
a forward peak and a break in the angular distribution fort=—1,2 BeV/C)? together with a break in the po-
larization in the same region,

Quasi two-body reactions were represented by papers on the angular distributions and exchange dy-
namics of definite strange and nonstrange states for processes of the type Kp— ATK*=, PK*~, nK*? (890
MeV/C?), PK*~, nK*® (1420 MeV/C?), K™p = Ap, Aw, Zp, Z¢, K'p— A™KO, 1tp— At w, etc. for which
information was obtained regarding the angular distributions and dynamics of exchange through specific
singular and nonsingular states.

The study of many-particle reactions was represented by two methods: exclusive reactions, i.e.,
" experiments where the parameters of all particles are fully determined, and inclusive reactions, where
the characteristics of one (or two) particles are studied and the parameters-of the remaining finite system
are summed over (missing-mass type experiments),

Definite success has been achieved in the study of exclusive reactions due to the use of van Hove's
LPS procedure (decreasing the number of variables by summing over the perpendicular momenta). An ex-
change hierarchy o (P) > c(M) > o(S) > ¢(E) has been established for both total and differential cross sections
were P, M, S, and E indicate vacuum, mesonic, strange, and exotic poles. All the cross sections except for
those proceeding through P exchange diminish with increasing energy. :

Inclusive reactions were analyzed in terms of the hypothesis of scale invariance according to which
cross sections at high energies depend only on P; and the ratio X = P"/ Pryax- This hypothesis was tested
in a large energy region including ISR energies. Scaling invariance holds for certain reactions (pp ~ at
+...5pp™ p+...)while it is obv10uslybr0kenforothers(Kp-’K0 L Kp—=A+, ., Kp—Kl+..,)
or holds in a lim1ted regionof X Mp—~ 7+ ..., #wp— 1t + . .). '

Low energy hadron physics was represented at the Conference by papers studying the characteristics
of resonances. Reports were heard on the systematic study of baryon resonances in K*N interactions.
Resonances have been observed in the Aw™, 277, Z* (1385 MeV/C?), 7, and =7 systems, There are indica-
tions of the existence of a strangeness +1 resonance in the reaction K¥d — Kopp with M = 1760 MeV/C? and
T = 300 MeV/C%. The existence of a Ay resonance with a mass of 1327 MeV/C? in the reaction K~ p— Ay
has not been substantiated. Two groups, ITEF and CERN, have also reported observation of a resonance
in the pm*7~ system (1700 MeV/C?).

New information on boson resonances has been found, One of the most important results is the ab-
sence of splitting in the A, meson as determined by high-statistics experiments at CERN and Brookhaven.

Also of interest is the joint IFVE and CERN work on the energy dependence of boson production cross
sections. The A, meson production cross section is constant over a wide momentum range (25-40 BeV/C)
while the R meson either disappears completely from 10 to 25 BeV/C or has a factor of ten decrease in its
production cross section. - '
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Weak interactions, which have been intensively studied by experimentalists and theorists since 1964,
when CP-invariance was found to be violated in KOL — 7% + 7~ decays, were again generating broad interest.

The effort of many years by physicists to medsure the modulus and phase of the parameters 7,._ and
79g» Which are the branching ratios for the K°L and KOS neutral and charged two pion decay, would seem to
have ended in 1970 when ITEF and OIYal groups established reliably that Ingol = In_ |. This result was con-
firmed at the Conference by a CERN group whose results were |n00/77+_| =1,00 £ 0.06, Taken together with
the mean weighed values of the phases 9000/§0+_ = 0,99 + 0.25, this means that the superweak interaction the-
ory which explains the mechanism of CP-invariance violation is correct. 1t follows from this theory that
there should be no CP-violation effects except in K‘L decays. This has held true up to the present despite
the vigorous efforts of experimentalists to find other CP-violating decays.

An experiment recently performed at Berkeley which established the upper limit for K%J — ptu-
(£1.8-107%) decays was discussed at the Conference. This limit is several times lower than the possible
theoretical limit which is estimated using electromagnetic interactions on the basis of the previously shown
decay probability KOL — ¥y, confirmed at the Conference by an ITEF group.

If one assumes both results to be correct, then one can expect that the new result is tied to another
manifestation of CP-violation.

From the remaining data on the properties of weak interactions, the work of a CERN group concluding
the long effort to verify the AS = AQ rule in leptonic decays of K?® mesons should be noted. It has been shown
experimentally that this rule hold to an accuracy of a percent in K%3 decays.
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FOURTH INTERNATIONAL CONFERENCE ON PLASMA PHYSICS AND
CONTROLLED NUCLEAR FUSION .

B. B. Kadomtsev and V, D, Shafranov

The Fourth International Conference on Nuclear Fusion of the IAEA was held in June, 1971, at the
University of Wisconsin at Madison. About 600 scientists from about 30 countries participated in the con~
ference, and about 140 reports were heard., Most of the reports were delivered by the rapporteur system,
The conference dealt with the results of work in controlled thermonuclear fusion over the last three years,
As in previous conferences, most of the work has been experimental,

The conference opened with a session on studies of plasma behavior in toroidal traps having inner
conductors — levitrons and multipoles; reports on an astron were also heard, At one time it appeared that
devices having internal conductors would significantly simplify studies of physical properties of plasmas in
a toroidal geometry, since a deep magnetic well, which should lead to a prolonged stable confinement of the
plasma, can be easily produced in such devices, Unfortunately, this turned out not to be so, The quite

complicated behavior of the plasma in multipoles has necessitated a prolonged and persistent study which

has not yet led to a common point of view regarding the mechanisms for plasma escape.

Nor was a common point of view reached at this conference, For example, in studies carried out at
the University of Wisconsin with two octupoles — a small one with supports and a larger levitating octupole,
it has been shown that the plasma is subject to an anomalously rapid escape at a rate of the order of the
Bohm rate, This anomalously rapid plasma escape may be associated with small perturbations from in-
homogeneous external fields, It was reported in other studies that the plasma confinement time in an oc-
tupole reaches 300 Bohm times; collisional diffusion approximately three times as rapid as classical dif-
fusion is observed at a high plasma density, and only at low densities do the additional losses associated
with the imperfections in the magnetic field and the plasma loss at the supports become apparent.

Preliminary data indicate that the imposition of a toroidal magnetic field does not reduce the collision-
al diffusion of the plasma as is expected on the basis of "neoclassical" theory; in other words, so-called
pseudoclassical diffusion is observed., This expression is now used for the semiempirical dependence of
the transport coefficients proposed first by L. A, Artsimovich (USSR)for the electronic thermal conductivity,
which is proportional to the collision frequency and the square of the Larmor radius corresponding to the
"poloidal® (azimuthal) magnetic field. S. Yoshikawa et al, (USA) have observed in a levitated spherator

. that the plasma decays after emission at decay times approximately equal to the classical values, but they

observe increased diffusion during the plasma heating.

Other studies of traps having internal conductors have been concerned with such topics as the isola-
tion of supports by current flow within them, plasma stabilization by freezing of lines of force at the plasma
boundary, oscillations in the stable-confinement regions, the formation of convective cells associated with
inhomogeneities in the neutral-gas flow, etc.

Reports on the astron device dealt with electron accumulation in a E layer, the equilibrium of this
layer, and its stability along with that of the plasma. Theory shows that the flute instability cannot be
avoided in the ordinary astron, so the astron modification having an additional toroidal magnetic field is to
be preferred. The resulting system is actually similar to a tokomak operating in the escaping-electron
mode, One astron version having a toroidal magnetic field is an astron spherator, proposed in a report by
S. Yoshikawa and N, Christophilos (USA). It has been found possible to invert the magnetic field within a
ring formed by relativistic electrons in a small model at Cornell University.

Translated from Atomnaya I:Inergiya, Vol, 32, No. 1, pp. 98-101, January, 1972,

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. Al rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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There was much interest in tokomaks (two complete sessions were devoted to these devices), Ex-
perimental results found in studies of plasma behavior at the new T~4 and T-6 tokomaks (I. V. Kurchatov
Institute of Atomic Energy) and the TS tokomak (Princeton University), were reported and there was a dis-
cussion of the theory of plasma properties in tokomaks,

The experimental results reported demonstrated progress in the study of plasma parameters and of
the mechanisms operating in plasmas. For example, the achievement of an electron temperature of 3 keV
and an ion temperature above 0.6 keV was reported by L. A, Artsimovich, V. S. Strelkov, et al. (USSR)
in studies with the T-4 device, which is based on the T-3. This became possible because of a significant
current increase achieved by overcoming the barrier at q = 3 (g = rB,/ RB, is the so-called stability re-
serve, where r and R are the minor and major axes of the torus, and B, and By are the toroidal and azi-
muthal magnetic fields) and by converting to smaller q values, as low as q = 2 (according to preliminary
data, values as low as q = 1 have sometimes been achieved),

The physical bases of the possible change to lower q values were clarified in a report by S. V. Mir-
nov and I. B. Semenov (USSR), who reported correlation measurements of corkscrew instabilities in plas-
mas, It was shown that instabilities of mode m arise in a plasma when the g value at the plasma boundary
approaches integral values of m, Between these values there are wide stability regions, so that by rapidly
changing the current and going by the critical g values, one can reach stability regions having smaller q.
These results correspond well to theoretical ideas about the resistive nature of corkscrew instabilities of
modes having m > 1 (V, D, Shafranov). These results also show why it is possible to pass the critical q
values only at a high plasma conductivity. Interestingly, precisely these same results regarding the de-
velopment of the corkscrew instabilities at the edge of a plasma were found in studies with the Princeton
TS tokomak.

Identical results were obtained with these two devices on another subtle effect — the kink or disruptive
instability: a series of sharp negative spikes in the time dependence of the loop voltage, accompanied by
plasma expansion, This instability, observed in all tokomaks, is initiated as the current channel is con-
tracted (e.g., due to corkscrew perturbations or neutral-gas cooling of the plasma periphery, and when
the plasma is displaced along the major radius). However, the nature of the instability has not yet been
resolved, H, Furth and P, Rutherford (USA), e,g., analyzed the natural assumption that the m = 1 mode
develops within the plasma, but it turns out that the negative voltage spikes cannot be explained in this
manner. It should be kept in mind, incidentally, that the quasilinear approximation was used in this study,
while according to the experimental data of Mirnov and Semenov (USSR) there is a random, turbulent spec-
trum of magnetic perturbations at the instant of the disruptive-instability outburst.

As was mentioned above, experimental results obtained with the T-3 and T-4 devices, on the one hand,
and the TS device, on the other, display an agreement which is rare in plasma studies, However, there
are some discrepancies, One concerns the radial dependence of the electron temperature: in the TS device
this temperature has a sharper maximum at the center of the plasma than in the T-3 and T-4 devices. Furth
reported that this discrepancy could be caused by a temperature instability: the radial temperature distri-
bution turns out to be extremely sensitive to slight perturbations, e.g., in the netural-gas flux from the
chamber walls. Another discrepancy is in the conclusions regarding the diffusive flux. In the T-3 and T-4
devices, the diffusive flux is reported to be much less than the thermal flux, while in the TS device these
fluxes are comparable, This discrepancy will probably require refinement of the calculation of the diffusive
flux in the T-3 and T-4. '

In regard to the magnitude of the plasma escape we find for the ionic thermal conductivity a good
agreement with the neoclassical value (except perhaps for the "banana" region of very low collision fre-
quencies), while the electronic thermal conductivity (and, in the TS device, diffusion) is much greater than
neoclassical, while the thermal-conductivity coefficient is roughly proportional to the collision frequency
and independent of the toroidal magnetic field. A special term was even introduced for this dependence,
which was proposed previously by Artsimovich on the basis of an analysis of experimental data: "pseudo-
classical diffusion (or thermal conductivity)," Yoshikawa showed that a slight random inhomogeneity of the
plasma, due, e.g., to drift instabilities, can lead to pseudoclassical diffusion. He also reviewed many ex-
periments in toroidal devices, including some in stellarators, in which diffusion may be interpreted as
pseudoclassical,

The conference heard some results of studies carried out at the recently completed TO-1 and T-6
tokomaks in the Institute of Atomic Energy (USSR); these devices differ structurally from the "traditional®
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tokomaks. Instead of a'conducting sheath to maintain the plasma at equilibriﬂur'n in the TO-1, there is a
system which automatically regulates the transverse confining field, In the T-6 the conducting sheath is
within the evacuated chamber. The spectrum of neutral charge-exchange atoms escaping tangent to the
wall of the torus has been measured in this device, and it has thus been possible to prove the isotropy of
the ion temperature. Interferometric measurements have shown that the plasma density profile is accentu-
ated in the discharge, and the density increases at the axis., This new effect may be due to the pinching of
toroidally trapped particles discussed in a report by A, Ware (USA).

The conference heard theoretical reports on the equilibrium and stability of a toroidal plasma and the
recent developments in neoclassical theory., A, A. Galeev and R. Z. Sagdeev (USSR) carried out a detailed
study of the role of impurities in neoclassical theory, M., Rosenbluth (USA), L. M, Kovrizhnykh (USSR),
and T. Stringer et al. (Great Britain) have derived a systematic theory for plasma revolution in a toroidal
magnetic field and have studied its role in the diffusion. In particular, they have shown that revolution -
along the minor, rather than the major, azimuth along the torus plays the more important role when longi~
tudinal viscosity is taken into account. The theoretical reports took up certain effects described by neo-
classical theory: the plasma pinching, the related additional heating, the temporal evolution of the plasma,
etc,

Working on the basis of neoclassical theory, B. B. Kadomtsev and Shafranov (USSR) showed that the
diffusive expansion of a low-density plasma results in movement of a poloidal magnetic field toward the
periphery. As a result, when a sufficiently large ratio of the plasima pressure to the pressure of the poloi-
dal magnetic field is reached, it becomes possible to maintain a longitudinal current in a tokomak by a sin-
gle diffusive flux, without an external vortex electric field. In this manner a steady-state (instead of pulsed)
tokomak becomes possible, differing little in this regard from a stellarator. An analogous idea was ad-
vanced by R. Bickerton, J., Taylor, and O, Connor (Great Britain), '

Although the tokomak data found in various laboratories were found to be similar, the stellarator data
remained extremely contradictory, Several years back in conference discussions, one frequently heard the
expression "Munich mystery" for the sharp contradiction between classical plasma confinement at the Wan-

~ delstein stellarator at Munich and the anomalously rapid plasma decay with a Bohm time at stellarator S.

Today, ‘not only has this "mystery" not been resolved: the number of contradictions has even increased.

. One gets the impression that stellarators can be classified into a group in which classical confinement is

observed andinto a group in which there is an anomalously rapid decay.

A very nearly classical confinement (within a factor of two to four) has been observed in the Proto-
Cleo device, in which the collisionality parameter, i.e., the ratio of the loop length to the mean free path,
was varied over five orders of magnitude, Classical confinement has also been observed in Saturn 1, in
which the dependence of the confinement time on the neutral-gas pressure has been measured. In a study
carried out under similar conditions and in the presence of a neutral gas, V. I, Volosov observed anoma~
lously rapid plasma leakage governed by the development of instabilities of the drift type. Japanese phys~
icists have also observed anomalously rapid decay of plasma accompanied by the excitation of drift-type
fluctuations, Diffusion an order of magnitude more rapid than classical has been observed in a heliotron,
These contradictory results on confinement have not yet been resolved. Presumably plasma confinement,
at least at a very low density, is very sensitive to small changes in the field geometry and the parameters
of the device, so that it can easily enter a region of unstable confinement, It is satisfying in this connection
to note that in the transition to higher densities and temperatures in the Uragan device the behavior being
observed has much in common with that of the plasma in tokomaks. Specifically, although the confinement
time is much less than classical, the results have been in qualitative correspondence with those found in
tokomaks: the energetic lifetime is governed by the anomalous electronic thermal conductivity (almost two
orders of magnitude greater than the classical thermal conductivity), while the diffusion time has been
much greater than the energetic time, ’

The lack of agreement on the basic question of mechanisms for plasma leakage has not stopped stel-
lerator studies of subtler physical phenomena. Soviet reports dealt in detail with the increase in the plasma
decay rate near values of the rotational-transformation angle corresponding to closing of the lines of force,
It was shown that the increased leakage is due to the development of convection in the plasma. An experi-
mental study has been made in the Liven-1 stellarator of the development of a quasistationary ion flow in
the plasma, apparently due to the formation of departure cones in the ion distribution function, A detailed
study of turbulent plasma heating in a stellarator was also reported.
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Thirteen reports were delivered to the session on open traps, covering the most recent and deeper
studies of leakage mechanisms and physical properties of the plasmas in adiabatic traps. Successful studies
have been made of plasma parameters [a temperature of up to 10% eV at a density of 1012 ¢cm™ in a hot-elec-
tron plasma (R. Dandl et al., USA) and an ion temperature of up to 8 keV at a dens1ty of 5-10¥ ecm™ in a
hot-ion plasma in the 2X device] and the processes in plasmas

Some studies were devoted to plasma instabilities. D. Sweetman et al. (Great Britain) showed that
the threshold for cyclotron instability in a hot-ion plasma is governed by Landau electron damping, They
have observed capture of an injected neutral beam in a confined plasma. The cyclotron instability of a low-
density plasma was also studied by M. K, Romanovskii, N, N. Brevnov et al, (USSR), M. S. Ioffe
(USSR) reported that the plasma in the PR-6 device, having a density of 10! ¢m™3 and an ion energy of about
1 keV, decays anomalously rapidly because of an instability of the cone type, which turns outtobe extremely
sensitive to the plasma potential (this instability is excited when the potential is increased). As yet no ade-
quate theoretical description of this effect has been reported :

Studies of z-pinches were discussed, Dutch and British physicists have succeeded in improving the
z-pinch stability with a longitudinal magnetic field, Theoretical stability studies by D. Robinson have shown
that magnetic field configurations exist in which the plasma is hydrodynamically stable at currents much
. larger than those attainable in tokomaks. The essential question here is whether the conditions necessary
for stability can be arranged. According to the classification proposed by H. Bodin et al. (Culham, En-
gland), pinches stabilized by longitudinal magnetic fields can be divided into three groups according to sta-
bilization method: the screw pinch, in which the stabilizing longitudinal field increases at the same time
.as the current in the plasma does; the "stabilized pinch,” in which there is a paramagnetic distribution of
the longitudinal magnetic field; anad a pinch with an inverted (outside the plasma) longitudinal magnetic
field. Unfortunately, the experiments which have been carried out so far by Bodin and colleagues have
been devoted only to the stability itself, which sets in under the conditions predicted by theory. The maxi-
mum plasma temperature, of the order of 100 eV, according to data from experiments carried out both at
Cutham and at Julich and Garching (West Germany), is found in the screw-pinch mode. The high tempera-
ture is retained for only a short time, however, because of the rapid decay (in ~ 20 isec) of the discharge
current, Van der Lane et al. discussed the reasons for this rapid current decay.

In recent years there has been much interest in §-pinches, in which quite high plasma parameters
have been achieved. Numerous results found with linear #-pinches were reported at the 1968 Novosibirsk
conference. However, these results were flawed because of the presence of end losses and the hydromag-
netic instability of a g-pinch of finite length, The 6-pinch configuration has now been changed: the linear
systems have given way to toroidal systems, which are similar to stellarator or tokomak systems,

The first experimental results were reported on -pinches of toroidal geometry — in a spatially peri- ;
odic magnetic field with protective annular conductors (Nagoya University, Japan), in a tokomak configura-
tion with an elongated elliptical cross section (Julich), and in a corkscrew configuration corresponding to
a single-turn stellarator (Garching), F. Ribe reported experimental heating and confinement of a plasma
in the 5-m toroidal sector of the Scyllac device at Los Alamos, The first experiments have shown the va-
lidity of the theoretical prediction of a possible counterbalancing of the toroidal extension of the plasma
through the combined use of a spatially periodic field and a single-turn corkscrew field, Freiberg showed
that the experimental absence of the second and higher perturbation modes predicted on the basis of MHD
theory was due to the finite size of the Larmor ion radius,

Definite progress in the study of plasma-focus physics was demonstrated at the conference. Rayleigh
—Taylor instability of the focus has been observed, the ion energy has been measured on the basis of light
scattering, the temporal dependence of the soft x-radiation has been studied, and the angular distribution of
the neutron radiation has been studied. Calculations by Potter and Haines have shown that the ion velocity
distribution at the focus axis may become highly anisotropic, This result is apparently a key to the ex-
planation for the observed anisotropy in the neutron emission from a plasma focus.

Several reports were devoted to the possible creation of a thermonuclear plasma by means of intense
electron beams (Babykin et al., USSR) and laser beams, Calculations and some first experimental results
on laser heating of a solid target were reported by others. J. Dawson et al, (USA) proposed a thermonu-
clear reactor with magnetic thermal insulation based on a long-wave N,- CO, gas laser,
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A long session (22 reports) was devoted to theoretical and experimental studies of collective turbulent
phenomena in plasmas. A detailed review of turbulent plasma heating ‘incorporating new results found from
noise measurement in plasmas was given by K, E. Zavoiskii et al. (USSR). Other reports dealt with the
results of a detailed study of turbulent plasma heating under various conditions. These results are gener-
ally in agreement and lead to the conclusion that ion-acoustic oscillations play the leading role in producing
the anomalously high plasma resistance. However, electron beams appear in the plasma, either simul-
taneously with the ion sound or at alternate times, and the beam-plasma interaction which arises compli-
cates the pattern of turbulent processes. The interaction of electron beams (including relativistic beams)
with plasmas have been studied at Khar'kov, Prague, Oak Ridge, and Novosibirsk, where many interesting
results have been found on the physics of this beam-plasma interaction and on energy transfer from the
beam to the plasma, In particular, it has been shown that in the interaction of an intense beam with a plas-
ma the heating is achieved by a reverse current induced in the plasma. Several reports were devoted to
the theory of anomalous plasma resistivity [L. I. Rudakov and D. D, Ryutov (USSR) and W, Drummond
(USA)].

Some new experimehtal results were reported on rf heating of a plasma during propagation of electro-
magnetic waves in it, and new ideas regarding the use of rf fields in plasma heating were reported.

One aspect of the conference which reflected the clear progress in controlled-fusion research was
the session on reactor systems. In the corresponding reports, hypothetical reactors were discussed on the
basis of existing plasma-confinement systems: tokomaks, stellarators, open traps, etc. Analysis of the.
engineering problems involved in thermonuclear reactors is already necessary, to furnish a basis for better
evaluation of the outlook for various research directions. -
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BRIEF COMMUNICATIONS'

The State Committee for Utilization of Atomic Energy of the USSR organized a "scientific familiariza-
tion visit" to the Soviet Union from August 5 to September 7, 1971 for groups of specialists from member
countries of the International Atomic Energy Agency with the theme, "Use of isotopes and irradiation in
agriculture." Representatives from Cuba, Rumania, Poland, Chile, the UAR, Cyprus, India, Ceylon,

Iran, Iraq, Ethopia, Burma, Uraguay, and other countries took part in the visit. ‘This arrangement was
made through facilities granted voluntarily by the USSR from the technical aid funds of the International
Atomic Energy Agency. ’ '

One-day seminars were organized for the participants during the visit on the problem of use of iso-
tope tracers in studying the fertility of soil at different levels, use of stable N5 and radicactive P*? isotopes,
and the adoption of radiation technology in agriculture.

The specialists from abroad visited and learned about the research works of the V, I, Lenin All-Union
Academy of Agricultural Science, the V. V., Dokuchaev Soil Institute, the Timiryazev Agricultural Academy,
the All-Union Research Institute for Electrification in Agriculture, the All-Union Research Institute for
Fertilizers and Agronomic Soil Science, the Department of Soil Biology of the Moscow State University, the
Leningrad Agrophysical Research Institute, the Ukrainian Research Institute for Plant Physiology at Kiev,
and the Institute of Cytology and Genetics of the Ural Branch of the Academy of Sciences of the USSR at
Novosibirsk. '

A return delegation of Canadian specialists on reactor materials, headed by Dr. Hart, was received
in September, 1971 in the Soviet Union.

The Canadian specialists visited the I, V, Kurchatov Institute of Atomic Energy, the Khar'kov Physical-
Power Institute at Obninsk, the Atomic Reactor Institute at Melekess, the Beloyarsk nuclear electric power
station and the "First Nuclear Power Station in the World. " Theybecame acquainted with the work of Soviet
scientists and specialists on vacuum extrusion of uranium, zirconium, niobium, and tantalum; with findings
on the properties of zirconium alloys working in boiling liquid conditions; with the technology for extrusion
of cladding materials from zirconium alloys and their inspection; with the particular features of the struc-
ture of zirconium alloy with 19, niobium; with problems on hydrogen absorption and corrosion in a neutron
field in a boiling medium. The Canadian delegation were interested in work on structural materials for fast
reactors and for low-power reactors for use in the far-North,

At the concluding meeting with the State Committee for Use of Atomic Energy in the USSR, opinions
were exchanged between the Soviet and Canadian specialists on the problems examined. A recommendation
was expressed regarding the provision of scientific seminars on a .defined range of problems.

* % %k

An International School on High Energy Physics for Experimental Workers was held from 13 to 27
June, 1971 and the Joint Institute for Nuclear Research together with the Bulgarian Academy of Sciences
and with participation from the European Organization for Nuclear Research (CERN), not far from Varna,
Bulgaria. The object was to acquaint young experimental physicists with the contemporary state of theo-
retical physics.

Translated from Atomnaya Energiya, Vol, 32, No. 1, pp. 101-102, January, 1972,

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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The scientific program was in three parts: 1) a basic course of lectures devoted to the theory of
strong interactions and multiple production and also problems of extreme nonelastic electron—proton in-
teractions; 2) specific problems in the theory of relativistic equations, duality and Venetsiano's model;
3) the scientific work of the Joint Institute for Nuclear Research, the high-energy laboratory of the Joint .
Institute for Nuclear Research, the Institute for High-Energy Physics at Serpukhov, and work at CERN.
Seminar tasks were set on the basis of the lectures.

The main éourse of lectures was giveh 'by D, V. Shirkov (JINR), Zh. Préntki (CERN), V. S; Bara—‘
shenkov (JINR), A. Byalas (Poland), Nguen Van Quey (Vietnam) (in a lecture written jointly with A. A.
Logunov), O, Kofed-Khansen (CERN), and V. A, Matveev (Dubna),

Prominent in the program of scientific research were: the Vice-Director of JINR, A. Mikhul and the
Director of the High-Energy Laboratory at JINR, A, M. Baldin; the Corresponding Secretary of Institute
of High-Energy Physics, V. A, Yabra (with a report written jointly with the Director of the Institute, A. A,
Logunov) and the Director of CERN, V, Entchke,

The total number of participants was 109 from 21 countries, Their training was not all alike — more
than'half those who took part had virtually no experience in research work and approximately 1/3 of the par-
ticipants had been occupied in research work for three years or more,

The school succeeded in the main task of acquairiting young experimental physicists with contemporary
aspects of theoretical physics., In the opinion of Soviet participants the school was of great value. Mention
should be made of the excellent organization of the school and the warm welcome extended by our Bulgarian
friends to all those who attended, :

The proceedmgs of the school are being published by the Joint Institute for Nuclear Research in two
volumes.
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This new international journal, to be pub-
lished quarterly beginning 1969, will answer
the need for a central forum for high quality
scientific papers dealing with all aspects of
gas-solid reactions. The journal wili provide
for the first time a specific medium for the
rapid dissemination of research in gaseous
oxidation — work which has previously
been scattered and often lost in-a myriad of
publications. Topics considered will include
. kinetics, mechanisms, studies of scales

from the structural as well as morphological

viewpoints, transport properties in scales,
, - and phase boundary reactions. Both experi-
mental and theoretical papers will be in-
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cluded as well as occasional reviews and

short technical notes. Care will be taken to .

publish articles within six months of receipt.
Prospective contributors may submit articles
to Professor Douglass, Materials Division,
University of California, Los Angeles, Cali-
fornia. Subscribers are requested to contact

, the publisher for further information.:
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*Available to individual subscribers certifying that the
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